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densities, the attempts which have been made to establish similar relationships 
between the magnitudes of other physical constants and chemical composition have 
shown that probably all physical constants are to be regarded as functions of the 
chemical nature of molecules, and that the variations in their magnitude observed in 
passing from substance to substance are to be attributed to changes in chemical 
composition. 

The physical properties first investigated from this point of view were naturally 
those either often measured or at least capable of being easily measured. To this 
class belong such determinations as density, boiling-point, refractive index, &c., &c. 
On the other hand, properties not so clearly understood, or less readily perceived, 
received little or no attention. An example of this kind occurs in connection with 
the viscosity of liquids. 

When a liquid flows, or when its form is altered, forces are called into play within 
the liquid which offer resistance to the force causing flow or change of form. The 
viscosity of the liquid may be taken as a measure of these internal forces, but, 
although the common use of the terms “ viscid,” “ oily,” “ mobile,” “ limpid,” &c. 
shows that the endeavour has not been wanting to indicate the different character of 
liquids in respect to this property, it is only within quite recent times that the 
attempt to obtain quantitative measures of the viscosity, or viscosity-coefficients, for 
a large number of liquids has been made. This is due to a variety of reasons. To 
begin with, physio-chemical inquiries have been almost exclusively carried out by 
chemists, who have hitherto had little cause to study such a property as viscosity, the 
conception and mode of quantitative expression of which have been developed by 
physicists. Moreover, even from a purely physical point of view, the accurate deter¬ 
mination of absolute coefficients of viscosity has been beset with difficulties, both in 
the theory and practice of the methods employed. Viscosity is, no doubt, the nett 
result of at least two distinct causes. When a liquid flows, during the actual collision 
or contact of its molecules, a true friction-like force will be called into play, opposing 
the movement. But, in addition to this force, even after the actual collisions, mole¬ 
cular attractions will exercise a resistance to forces which tend to move one molecule 
past another, and hence it may have been surmised that, even if accurate values of 
the coefficients of viscosity could be obtained, they might not exhibit simple relation¬ 
ships to chemical composition.* 

Although few absolute measures of viscosity have been hitherto published, several 
researches have been made which may be regarded, in certain cases at least, as being 
concerned with the relations of viscosity to the chemical characters of substances. 
That they may be so regarded arises from the circumstance that the observers have 
incidentally made use of one of the methods for obtaining the viscosity-coefficient, 
which consists in noting the time which a definite volume of liquid takes to flow 

* Comp. Gkaetz, ‘ Wiedemann’s Annalen,’ 24, 25, 1888; MCtzei,, ‘ Wiedemann’s Aiinalen,’ 43, 35, 
1891. j. 
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through a capillary tube of known size under definite conditions of temperature, 
pressure, &c. By suitably arranging the experimental conditions, the relative times 
of flow, or, as they have been somewhat inaptly termed, the relative times of transpi¬ 
ration, through the same tube may be considered as proportional to the coefficients of 
viscosity. 

Hence it happens that the historical treatment of the investigations which are 
related to that described in this paper opens with some account of the researches 
which have been undertaken to obtain the so-called transpiration-times of liquids. It 
has to be borne in mind, in dealing with this part of the subject, that in many cases 
the observers were apparently unaware that they might obtain relative measures of 
viscosity by the method they employed. They simply ascertained the time of flow of 
a liquid, and considered this value as a physical constant under the experimental 
conditions. In most cases, as will be made clear subsequently, these conditions were 
probably not such as would admit of the transpiration-time being regarded as a 
relative measure of the coefficient of viscosity—that is, of the real physical constant 
which was influencing the experiments. 

That the flow of liquids, and especially of water, through channels, conduits, and 
pipes should have received so much attention in the early days of experimental 
science is, of course, due to the economic importance of the subject. The main result 
of these observations was to show that the resistance offered to the flow of the liquid 
was as the square of the velocity, the velocity being in these cases considerable. 

About fifty years ago, however, Poiseuille, starting from physiological con¬ 
siderations, attempted to discover the law of the flow in tubes of very narrow bore 
where the velocity of exit was but small, and here he found the resistance to vary 
not as the square of the velocity, but directly as the velocity. It was thus evident 
that the character of the motion of a liquid in a capillary tube where the velocity is 
small, differed essentially from that occurring in the cases of rapid flow in tubes of 
large diameter. As is well known, Poiseuille found that the volume of liquid, in 
cub. millims., which flows in the unit of time through a tube of circular section, the 
walls of which it wets, may be expressed by the formula V = K D 4 H/L, in which 
D is the diameter in millims. of the tube, L its length in millims., H the pressure in 
millims. of mercury, and K (which Poiseuille regarded as a measure of the fluidity 
of the liquid) a constant which varies with the nature of the liquid and its 
temperature. 

The meaning and validity of this empirical expression have been established by 
the theory of hydrodynamics, and it has been shown that from observations made 
by Poibeuille’s method, under suitable conditions and with certain corrections, to be 
explained hereafter, the viscosity of a liquid may be ascertained.* 

* Stores, 'Cambridge Phil. Trans.,’ 8, 304, 1847; G. Wiedemann, ‘ Pogg. Ann.,’ 99, 177, 1856; 
E. Hagenbach, 4 Pogg, Ann.,’ 109,385,1860; Stefan, ‘ Wien. Ber.,’ 46, II., 495,1862; Oouette, ‘ Ann. do 
Ghimie et de Phye/ (6), 2l, 433,1890; Wilbeefokck, ‘Phil. Mag.’ (5), 31, 407,1891. 
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The attempts made by Poiseuille to connect the magnitude of K with the nature of 
the liquid were practically restricted to an extension of the prior experiments of 
Gerard on the influence of dissolved foreign substances in modifying the velocity of 
flow of water. Poiseuille confirmed the fact that certain of these substances, like 
common salt, accelerate, whilst others, like nitre, retard the rate of flow of water, 
and that in general the action increases, within certain limits, with the amount of 
substance added. At first sight it may seem remarkable that Poiseuille should 
have sought to elucidate the problem by attacking its most complicated side; that is, 
by studying the mutual action of heterogeneous molecules; but the circumstance is 
explained when we remember that his primary object was to establish the causes 
whioh determine the flow of blood in the capillaries, and to trace the influence of 
different alimentary substances and medicaments on its movement. Although no 
fundamental relations of the kind looked for were discovered, certain facts of a 
remarkably significant character were brought to light. Thus it was found that in 
the case of mixtures of alcohol and water, there is a certain mixture for which the 
time of flow measured at a definite temperature is a maximum, and that this 
maximum of transpiration-flow corresponds with the mixture which shows the 
maximum degree of contraction, or in other words is connected with the existence 
of an apparently definite hydrate, C 2 H 6 0.3H 2 0. Hence it was inferred that such 
observations might throw considerable light on the molecular constitution of liquids. 

The subject was next attacked from this point of view by Thomas Graham (* Phil. 
Trans./ 1861, p. 373). By a method of observation identical in principle with that of 
Poiseuille, he confirmed the fact that in the case of mixtures of alcohol and water, the 
composition of the mixture which had the maximum transpiration-time corresponded 
with the hydrate C 2 H 6 0.3H 2 0 ; and he showed that similar relationships were to be 
found in the case of mixtures of nitric, sulphuric, hydrochloric, acetic, butyric, valeric, 
and formic acids with water, although the connection of the phenomenon with definite 
degrees of hydration was not always so well marked as it apparently is in the case of 
alcohol and water. Although we are not immediately concerned with this aspect of 
the subject, it may here be stated that subsequent investigation has shown that 
Graham’s main conclusion is not capable of the simple expression which he gave to 
it. Wijkander (‘ Lund, physiogr. Siillsk. Jubelskrift./ 1878, Abstr. in * Wied. 
Beiblatter/ vol. 3, p. 8, 1879) confirmed Graham’s observation that in the case of a 
mixture of acetic acid and water, the maximum transpiration-time occurs at 20° with 
the monohydrate C 2 H 4 0 2 .H 2 0, but it was also found that at another temperature, 
the composition of the mixture having a maximum transpiration-time was not that of 
a definite hydrate, showing that the phenomenon is probably dependent on or 
modified by dissociative changes in the liquid. (Compare also J. Traube, ‘ Chem. 
Bar./ vol. 19, p. 871, 1886; Pagltani and E. Oddone, ‘ Atti R. Acc. delle Scienze di 
Torino/ vol. 22, 314, 1887, Abstr. in * BeibL/ 1887, p. 415; Arrhenius, ‘ Zeit. fUr 
physikal. Chem./ vol. 1, p. 285 , 1887.) Further investigation is required to show 
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how far determinations of viscosity may be taken as the measure of such dissociative 
changes; up to the present no simple expression for the relation of the viscosity 
coefficient of a mixture to those of its components has been deduced. 

A point of more immediate importance is that in this Memoir, Graham, for the 
first time, directed attention to the desirability of studying the transpirability of 
homogeneous liquids in connection with their other physical properties, and in respect 
to their chemical nature. He determined the transpiration-times of a number of 
such liquids at the uniform temperature of 20° C., and compared the observed times 
with that of water in the same apparatus, at the same temperature. From obser¬ 
vations made on methyl, ethyl, and amyl alcohols; on acetic, butyric, and valeric 
acids, and on the ethyl esters of these acids he found that the transpiration-time of 
an alcohol, ester, or acid, increases as its boiling-point under ordinary pressure 
increases, from which he inferred that a connection exists between transpirability 
and molecular weight of a kind analogous to that which subsists between boiling- 
point and composition, and he suggested the advisability of determining the trans¬ 
piration-times of homologous series of substances at a fixed and relatively high 
temperature. 

In 1868, Rellstab (‘ Ueber Transpiration homologer Fltissigkeiten, Inaug.- 
Dissert.,’ Bonn, 1868) attempted to develop the subject in the manner indicated by 
Graham, and at the same time to determine the influence of temperature on the 
efflux-times of the liquids studied. Poiseuille, as already stated, had traced this 
influenoe in the case of water; Graham had repeated the observations on water, and 
had further studied the case of ethyl alcohol. Rellstab’s method was essentially 
that of Poiseuille, the main difference being that the effective pressure was established 
by means of a column of mercury instead of by compressed air, and that the observa¬ 
tions were made, as a rule, at various temperatures between 10° and 50°. The 
intermediate values for every 5° were obtained by graphical interpolation, and the 
times were compared with that occupied by water at 0° in flowing through the same 
apparatus under the same pressure (circa 500 millims.). The experiments gave 
directly what Pribram and Handl subsequently designated (vide supra) by the 
somewhat arbitrary term specific viscosity of the liquids at the temperature of 
observation. Calling the specific viscosity Z, it is expressed by the formula Z—t 100/t», 
in which t is the time of flow of the constant volume of liquid at the temperature of 
observation, and t w is the time occupied by the same volume of water at 0°, the 
pressure which determines the flow being the same in both eases. Rellstab was 
of opinion that the connection between composition and transpiration would be 
best traced by comparing the efflux-times of “ equivalent amounts ” instead of the 
efflux-tunes of equal volumes of liquids. The efflux-times of equivalent amounts were 
assumed to he obtained by multiplying the observed efflux-lames of equal volumes 
by the molecular weight, and dividing by the density; in other words, multiplying the 
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observed time by the specific volume at that temperature. The values of Z, for so-called 
“ equivalent amounts,” were not given with the highest attainable accuracy, inasmuch 
as the thermal expansion of certain of the liquids was unknown. As the range of 
temperature over which Rellstab’s observations extended was only from 10° to 50°, 
and as the relative densities of all the liquids experimented upon were known at 20°, 
he employed in all cases the specific volume at 20°, instead of the true specific 
volume at the temperature of observation. The error thus introduced depends 
upon the difference between the coefficients of thermal expansion of the liquids 
under investigation, and may amount to three or four per cent, at the higher 
temperatures. The liquids investigated by Rellstab were alcohols of the C*Hg, +8 0 
series, certain of the fatty acids, a number of compound ethers (esters), aldehydes, 
and a few aromatic derivatives. 

Since the transpiration-time necessarily alters with the temperature, and at a 
rate varying with each liquid, it was of fundamental importance to determine the 
particular temperature at which the comparison between the individual results 
should be made. Rellstab assumed, with Kopp, that the temperatures at which 
the various liquids possessed the same vapour-pressure might be considered as 
comparable, and adopting Landolt’s values for the vapour-pressures, he compared 
the transpiration-times of “ equivalent amounts ” of the acids of the series 

at a number of comparable temperatures between 0° and 50°. 

The general result of the observations was to show that in the case of this series 
of acids the transpiration-time decreases with increasing molecular weight in passing 
from formic acid to acetic acid, and from acetic acid to propionic acid, but that the 
differences between the values for the several pairs of acids become less and less as 
the temperature rises until they become constant. On passing from propionic acid 
to normal butyric acid, from butyric acid to valeric acid, from valeric acid to caproic 
acid, the transpiration-times increase with increasing molecular weight, and the 
differences between the values for any pair of successive homologues at “ comparable 
temperatures ” become less and less with increasing temperature, as in the first case, 
and tend apparently to become constant. No simple relation either between the 
transpiration-times and the molecular weights or between these times and the vapour- 
pressures could be traced by Rellstab. Hence, in the rest of his memoir, Rellstab 
simply follows Graham’s suggestion, and compares the transpiration-times of 
“ equivalent amounts” of the various liquids, whenever possible, at 50°, the highest 
temperature to which his experiments extended. 

The main conclusions which Rellstab deduces from his observations may be thus 
summarised:— 

1. The transpiration-time of all liquid substances decreases with the temperature. 
The decrease for equal intervals is most marked, the longer the time of efflux and the 
lower the temperature. 

2. An increment of CH a , in an homologous series, is in general accompanied by an 
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increase in the time of efflux. This increase in efflux-time is greater when the 
increment of 0H S takes place in an alcohol radicle than when it takes place in an acid 
radicle. 

3. An increase in the transpiration-time also accompanies an increment of CHOH, 
of Hj, and of O. 

4. A decrease of efflux-time accompanies an increment of C. 

5. Metamerie bodies have, in general, different efflux-times. These are nearer 
together, the nearer the boiling-points of the liquids. 

6. Substances containing double-linked carbon have a greater efflux-time than those 
of equal molecular weight containing single-linked carbon. 

7. An increase or diminution of velocity of transpiration corresponds with an 
increase or decrease of boiling-point without being a simple function of the latter. 

8. In any particular homologous series it is possible to determine the direction of 
the alteration in transpiration-velocity on passing from a lower to a higher member, 
but not the magnitude of the change. 

Guerout (‘Compt. Rend.,' vol. 81, p. 1025, 1875; and vol. 83, p. 1291,1876) also 
determined the value of K in Poiseuille’s formula K = VL/HD 4 (taking H as the 
height of a water column) at ordinary temperatures (13°-15°) for a number of the 
liquids investigated by Rellstab, and from the data Pribram and Handl have 
calculated the “ specific viscosities" for equal volumes so as to make the results more 
directly comparable with those of Rellstab. The numerical values thus given by the 
two observers are, for the most part, widely different, although certain of their general 
conclusions are in agreement. Both find that, aB a rule, in an homologous series, an 
increase of molecular weight is accompanied by an increase of transpiration-time, and 
Guerout confirms the exceptions in the cases of formic and acetic acids. Guerout’s 
numbers are, with one exception, considerably higher than those of Rellstab. In 
the series of the alcohols the difference is as high as 40 per cent, in the case of butyl 
alcohol, and is about 20 per cent, in most of the others ; in the series of the acids the 
discrepancy amounts to 5 or 6 per cent. It is impossible to determine exactly to 
what these divergencies are due, since Guerout gives no details either of the character 
of his preparations or of his method of observation. 

Guerout found that isomeric esters give the same value for K, but Rellstab’s 
observations lend no support to this conclusion. 

The most extensive investigation hitherto published on this subject is that by 
Pbibram and Handl (‘ Wien. Ber.,' Part II., vol. 78, p. 113, 1878 ; Part II., vol. 80, 
p. 17, 1879; Part II, vol 84, p. 717, 1881), who have determined the “specific 
viscosity " of a large number of liquid substances at different temperatures. Their 
methods, in principle, were identical with that of Pojbeuillb, although it must be 
admitted that their apparatus was hardly capable of furnishing results at all com-' 
parable in point of accuracy with that of their predecessor. Indeed, the test-observa¬ 
tions which they adduce differ among themselves by from 2 to 3 per oent., and, under 

8 F 2 
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certain conditions of measurement, successive observations on the same liquid vary 
by as much as 12 per cent. 

The comparisons of the specific viscosities were given at temperatures differing by 
a 5° interval between the maximum limits of 10° and 60°. The main conclusions 
which may be deduced from their work, which of course refers to specific viscosities 
measured at one and the same temperature, are stated by them as follows;— 

1. The substitution in a molecule of Cl, Br, I, and NO s for H, in all cases increases 
the specific viscosity of the substanoe. This increase is smallest on the introduction 
of Cl, and increases on the introduction of Br, I, and N0 2 , and in the order given. 
The absolute amount of the increase depends not only upon the nature of the 
substituting radicle but also upon its position in the molecule. 

2. Isomeric esters have nearly the same specific viscosity. Of two isomeric esters 
that possesses the greater specific viscosity which contains the higher alcohol radicle. 

3. The ester containing the normal radicle has al ways a greater specific viscosity 
than the isomeride containing the iso-radicle, and this obtains no matter whether the 
isomerism is in the alcohol or the acid radicle. 

4. The normal aldehydes have invariably a greater specific viscosity than the 
iso-compounds. In the case of the alcohols the results are conflicting, although as a 
rule the normal compounds have a greater specific viscosity than the iso-alcohols. 

5. The alcohols have a greater specific viscosity than the corresponding aldehydes 
and ketones. 

6. In homologous series, in general, the increase in specific viscosity is proportional 
to the increase in molecular weight; the actual amount of increase is, however, 
dependent upon the constitution of the molecule, and only becomes constant when 
the members of the homologous series, considered as binary compounds, contain one 
constant and one variable member. 

Pribram and Handl’s work undoubtedly constitutes a great advance upon that 
of their predecessors. But whilst it establishes the broad fact of a connection 
between the viscosity of a liquid and the chemical nature of its molecules, it cannot 
be said that the numerical results afford us any accurate means of determining the 
quantitative character of this connection. This is probably due partly to the 
imperfection of their observational methods and to their mode of treating their 
results, and partly also to the uncertainty of the basis of comparison; possibly, also 
the nature of the liquids themselves may have occasioned, to some extent, the 
equivocal character of the results, for it is impossible to gather from such data as are 
given that the liquids approached the standard of purity which is desirable in an 
investigation of this kind. 

It, Gartenmeistbr Zeits. fur physik. Chemie,’ vol. 6, p. 524, 1890) has also 
determined the viscosity of a large number of organic substances and has expressed 
his results in absolute measure. His method consisted in allowing the liquid to flow 
from bulb-shaped pipettes through capillary tubes in the manner already adopted by 
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OsrWALD'&nd Arrhenius (‘Zeits. fUr physik. Chemie,’ voi. 7, p. 285, 1887). The 
greater number of the determinations were made at the temperature of 20°, but in 
the oases of formic and butyric acids, and in those of methyl, ethyl, propyl, iso-propyl, 
and iso-butyl alcohols, a series of estimations at every 10° between 10° and 50° was 
made. 

Gartenmeister finds that although, in general, viscosity may be said to increase 
with molecular weight, there are apparently numerous exceptions to this rule. These 
are seen not only among the initial members of the fatty acid series, but also among 
the esters of aceto-acetic acid. Metameric esters frequently possess different vis¬ 
cosities, as already observed by Rellstab. On the other hand, Rellstab’s con¬ 
clusion that the viscosities more nearly approximate the smaller the difference in 
boiling-point is only generally true. On comparing the boiling-points of the aceto- 
acetic esters with their viscosities, it is found that the boiling-point of the ethyl ester 
is always an equal number of degrees higher than that of the methyl ester of the same 
acid, whereas, in the case of the viscosities, the relations are of quite another order. 
Bruhl (‘Ber.,’ 13, 1529) has pointed out that it is probable that in the case of 
isomeric bodies more time would be required for an equal number of molecules to flow 
through a capillary tube of that particular compound which has the higher boiling- 
point, the greater relative density, and the greater refractive index; or, in other 
words, that the viscosity of a liquid stands in the same relation to its chemical 
constitution as do its other physical constants. Gartenmeister finds that, although 
the statement may be taken as generally true, there are numerous exceptions. 

Rellstab concluded that substances containing so-called double-linked carbon 
transpire more slowly than those of equal molecular weight containing single-linked 
carbon. Pribram and Handl, however, found that the “specific viscosity” of allyl 
alcohol (C 3 H e O) is less than that of propyl alcohol (C S H 0 O), and Gartenmeister 
observed that diallyl CH 2 : CH(CH 3 ) S CH :CH a has a lower viscosity than dipropyl 
CH 3 (CH 2 ) i CH 8 . On the other hand, the viscosity of benzene (C 8 H 6 ) is more than 
double that of dipropyl. If it is assumed that there is double linking in both allyl 
compounds and in benzene, it would seem to follow that the relatively high viscosity 
of benzene cannot be ascribed wholly to double linking, but is dependent rather on 
those properties that we associate with the ring mode of atomic grouping. This view 
of the influence of the ring grouping is confirmed by the study of other aromatic 
compounds. 

Gartenmeister further concludes from Pribram and Handl’s observations that, 
within the limits of temperature at which the determinations have been made, the 
viscosity of compounds containing an equal number of carbon atoms in which Cl, Br, 
and I replace each other is proportional to the molecular weight. In the case of 
homologous series the viscosity is proportional to the square of the molecular weight. 

The introduction of the hydroxyl group into the molecule greatly increases the 
viscosity of the liquid. This is strikingly illustrated by the instances of propyl 
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alcohol CgH^OH), propylene glyool C s H 0 (OH) a , arid glycerin C 8 H 5 (OH) 8 . Indeed, 
the high viscosity of solutions of carbohydrates, e.g., the sugars, gums, Ac., is probably 
dependent on the relatively numerous hydroxyl groups present in the molecule. The 
manner in which the hydroxyl group is combined seems, however, to have considerable 
influence on the viscosity. Thus, in the cases of the isomeric substances, benzyl 
alcohol and metacresol, it is found that, in the first-named substance, in which the 
hydroxyl group occurs in the side chain, the viscosity is very much less than that of 
the second, in which the hydroxyl group is attached to a carbon atom in the benzene 

ring ’ 

The foregoing observations practically include all that may be regarded as attempts 
to determine the connection between the viscosity and the chemical nature of 
homogeneous liquids. A very large amount of experimental work has been done, 
especially in the physical laboratories of Oscar E. Meyer, Wiedemann, and 
Ostwald, on saline solutions and mixtures, in order to trace analogies and relations 
between viscosity and electric conductivity, temperature, concentration, Ac.; but while 
these researches have been of great service in regard to the applicability and value of 
observational methods, they have added little to our knowledge of the special 
question with which we are more immediately concerned. 

Although it is manifest from the foregoing acoount that relationships do exist 
between the chemical character of liquid substances and that property which is 
related to their times of transpiration, it must be admitted that these relationships 
are not very precisely defined by such experimental evidence as we have at 
present. Instances have been given in which the results of different observers, and 
in some cases even those of the same observer, differ among themselves by amounts 
which cannot be reasonably attributed to imperfections in the principle of the 
methods employed. As a general rule, the plan adopted seems to have been to make 
relatively rough observations on as many liquids as could be obtained, rather than to 
institute a careful and systematic comparison between a few of well established 
purity. Moreover, the nature of the conditions by which truly comparable results 
could alone be obtained, has received but scant consideration. For example, it seems 
futile to expect that any definite stoichiometric relations should become evident by 
comparing observations taken at the same temperature. A few attempts have been 
made to ascertain the influence of temperature on the time of transpiration, but these 
are insufficient both in number and temperature range to admit of a trustworthy 
deduction of the law of the variation. It seemed obvious therefore that in order to 
investigate the subject with reasonable hope of discovering stoichiometric relations* 
one essential point was to ascertain more precisely the influence of temperature on 
viscosity, and then to compare the results under conditions which have been found to 
be suitable in similar investigations in chemical physics. 
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Definition of the Viscosity Coefficient. 

It lias already been stated that the time which a liquid takes to flow through 
a capillary tube, is, under certain conditions, a measure of its viscosity. The 
neoessaiy conditions will be given at length subsequently. It will be sufficient here 
to indicate the meaning of viscosity, and the principles involved in measuring it. 

. In the case of an ideal solid, the value of the fraction 

Fotcc producing deformation 
Deformation produced 

is a constant; whereas in the case of a liquid this ratio depends on the time during 
which the force acts. Determined for unit-time, the fraction may be taken in the 
of a liquid as a measure of its viscosity or its resistance to change of form. 
The coefficient of viscosity rj* is thus given by the expression 

Deforming force 

^ Deformation per unit time. 

Consider a quantity of liquid contained between two parallel planes of unit area at 
a distance 8 apart, and let a tangential force act on the liquid so that the planes 
move parallel to one another, and let the displacement of one plane relative to the 
other, which may be considered at rest, be S'. 

If the velocity of any stratum be assumed to be proportional to its distance from 
the fixed plane, then the deformation of the substance between the planes per unit 
time, or the rate of shear, is measured by the velocity of displacement of any stratum 
divided by its distance from the fixed plane, and thus by 8 '/ 8 , so that, if F be the 
tangential force per unit area acting on either of the planes, and exerted by the 
substance in resisting deformation, 

F 

If 8'/S ss 1 , that is, if the displacement is equal to the distance from the fixed 
plane, 17 = F, and the coefficient of viscosity can then be defined. It is the force 
which is necessary to maintain the movement of a layer of unit area past another of 
the same area with a velocity numerically equal to the distance between the layers, 
when the space between them is continuously filled with the viscous substance. Or 
■tj may be defined as the tangential force which must be exerted on unit area of each 
stratum of liquid in order to maintain the flow when the velocity is changing in a 

• Different symbols hoys been used in different countries to indicate the coefficient of viscosity. In 
France «, in Germany 9 , and in tibia country ft, bare been commonly employed. The use of /* seems 
objectionable as it is now largely employed for the refractive index of a substance; it is also sometimes 
mi to denote magnetic permeability and also the micro-millimeter. We therefore prefer, in oonformity 
with German custom, to make use of 9 to denote the coefficient of viscosity. 
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direction normal to the movement in such a way that strata at unit distance apart 
have velocities which differ by unity. The dimensions of tj are therefore [ML” 1 T” 1 } 

It seemed advisable to design an apparatus which would admit of the determi¬ 
nation, in absolute measure, of this coefficient for different substances and for a 
temperature range from 0° up to the ordinary boiling-point of the particular liquid. 
In this way instead of finding, as has been the usual custom, relative times of flow 
through the same apparatus under the same external conditions of temperature and 
pressure, and which might or might not be taken, as will be shown later, as measures 
of a single physical magnitude of the substance, that is, of its viscosity, the physical 
magnitude itself could be measured and the various influences whioh have been found 
to affect its value could be allowed for. - The physical constants thus obtained could 
then be treated from the point of view of the chemist and the comparison would 
thus be of the same kind as that employed in connection with other physical 
magnitudes, such as densities or refractive indices. 

Modes of Measuring Viscosity. 

Although the transpiration method has been almost exclusively used in researches of 
this kind, there are other methods of obtaining the value of 17 . One of the oldest methods 
is due to Coulomb (‘M&n. de l’lnst. Nat.,’ vol. 3, p. 261, 1800). It consisted in 
suspending a disc or cylinder within a mass of liquid and setting the disc or cylinder 
oscillating. From the diminution in the amplitude of the oscillations the value of the 
coefficient of viscosity may be calculated. 

Another method depending on observations of the oscillation of a liquid in a 
U-shaped tube was first proposed by Lambert (M&n. de l’Acad. de Berlin, 1784). 
The Coulomb method was modified by Maxwell. Piotrowski, at Helmholtz’s 
suggestion, instead of oscillating a regular solid in the liquid, obtained values of rf by 
oscillating a hollow sphere filled with the liquid; and quite recently O. E. Meyer 
has shown that by the use of a hollow cylinder instead of a sphere, the accuracy 
obtainable in the theoi-etical treatment of the observations is considerably increased. 

None of these methods was suited for obtaining values of ij over wide temperature 
ranges ,* moreover, the large volume of liquid required to carry them out precluded 
their use in our case, owing to the difficulty of obtaining such large quantities 
of liquid in a state of sufficient purity. The tube method was therefore alone 
available for our purpose. It is satisfactory to note that Mutzel has obtained with 
the hollow cylinder a value for tj at 20° which is identical with that deduced from the 
tube observations qf Poiseuille. 

General Principle of the Method and Description op the Apparatus 

Employed in this Investigation. 

The principle of the method employed by us consists in observing the, time 
required for a definite volume of liquid, under a definite pressure, to pass through 



^1 lAfeW known size, the #bipemt«re being known andkept aniforat ■" 

• *1^ j jqatd iiader observation is contained in a vessel fitted with a capillary tube. 
This instrument, on the suggestion of Principal Boding ton, we propose to term a 
glmhrometer. It is immersed in a bath of water or glycerin, thetemperatdre of which 
can be altered as desired. The definite volume of liquid which is forced through the 
capillary tube is measured by suitable marks etched upon the instrument. A head 
of water serves to set up the pressure, which is ascertained by a water manometer, 
and the time of flow is noted by means of a stop-watch. 

In deciding upon the form of the glischrometer several Conditions had to be 
observed. In most of the instruments used by previous observers, the liquid after 
passing through the capillary was allowed to escape, and hence the apparatus had to 
be re-charged before another observation could be made. In the form adopted by us 
the time spent in re-charging was saved, by arranging that in all the observations on 
any one liquid the same sample could be used repeatedly; and further economy in 
time was obtained by arranging that observations could be taken while the liquid 
was flowing in either direction through the capillary tube, and that while an 
observation was in progress, and liquid was leaving one portion of the instrument, it 
was entering another portion and getting into position for a fresh observation. It 
was also desirable to avoid the use of corks or caoutchouc, at least in such parts 
as would be in contact with the liquid; it was therefore necessary that the instru¬ 
ment should be made entirely of glass. This condition presented tbe first serious 
difficulty in construction. To obtain absolute values of the coefficient of viscosity 
the exact dimensions of the capillary tube had to be known, and the problem to be 
solved was, how to seal the capillary tube to the other parts of the instrument in 
such a way that the direction and size of its bore should not be altered. 

The form of apparatus designed to meet these requirements is shown in fig. 1 . 
It consists of two upright limbs, L, and R, (left and right), connected near their 
lower ends by a cross-piece. Within the cross-piece is the capillary tube, C, P, 
the bore of which is about *008 oentim. radius, and the thickness of the wall 
about 2 millims., the internal radius of the cross-piece being a millimeter or so 
greater than the external radius of the capillary. At the zone, R, R, the walls of 
the cross-piece are constricted and made continuous with those of the capillary, the 
latter is thus gripped at its middle portion and held axially within the cross-piece. 
The use of the cross-piece will now be obvious, for by its means the risk of altering 
the bore of the capillary tube was lessened, as only one sealing operation was 
necessary in order to make the capillary tube the sole means of communication from 

■> ... ■■ ’■ ’ 

■ To ascertain tfeatthis was really the case and that the capillarywasquite continuous 
with the all the way round, two -simple - testa were applied, A deeply- 

‘ into the instrument,'when-’it Was observed that the 
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colour was stopped entirely at the zone, B, B , < The second test consisted in half 
filling one limb with water and blowing air from the empty Umb through the water 
In the other. Bubbles of air issued through the bore of the capillary tube only ; of 
course, if any passage had existed across the zone, its presence would haw been 
revealed by a stream of bubbles. , 

On one side of each limb of the instrument three fine horizontal lines were etched, 
m l , to*, it 1 , on the left limb; to 8 , to 4 , h®, on the right limb. The volumes of the limbs 
between to 1 and to* and between to 8 and to 4 were carefully determined; these represent 
the volumes of liquid which flow through the capillary. The time taken by the level 
of the liquid to pass from the upper to the lower of either of these pairs of marks is 

Fig. l. 

ri it 



the time observed in the experiments. The limb is constricted in the vicinity of the 
marks, in order to give sharpness in noting the coincidence of the meniscus with the 
mark. The shape of the limb between the marks was made cylindrical rather than 
spherical, in order that the. contained liquid might the more readily acquire the 
temperature of the bath in which the glischrometer was placed during an observation. 

It will be seen from the figure that the upper ends of the limbs H 1 , H* terminate 
within the glass traps T 1 , T*. These traps admit of slight adjustments of the volumes 
of liquid contained in the limbs, and their use, which is connected with that of the 
marks 'k l and &*, will be evident at a later stage. During an experiment the levels of 
liquid in the two limbs are continually altering. It will be sufficient here to state 
that the object of these marks and traps is to ensure that at the beginnipg of any 
observation in a particular limb the effective head of the liquid contained in the glie- 
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chrometer shall he constant and shall be known. Let us suppose that an observation 
is to be made in the right limb j the liquid level in the left limb is just brought into 
coincidence with the mark k l , when any excess of liquid will flow over into the trap 
T*; henee the effective head of liquid extends from H 3 to k\ and is thus known. A 
similar proceeding is carried out for the left limb observations, using the mark k? and 
trap T l . The marks k l and have been placed by trial in such positions that the 
volume from k l to H 3 is almost equal to, but slightly greater than, that from to H 1 . 
The reason for this will be given subsequently. The volumes k l H 2 and k 2 H 1 are the 
working volumes of liquid used in the observations. 

From what has been said it will be seen that at the beginning of an observation in 
the right limb the liquid level is at H 3 . In order to allow the observer time to get 
ready to take the necessary readings before the liquid level falls to m a , which time is but' 
short in tire case of mobile liquids, the limb is expanded into a bulb, as shown in fig. 1, 
just above m 8 . After the liquid has fallen to m* and the time has been noted, readings of 
temperature, pressure, &c., have to be taken immediately; to give the necessary time 
for these readings, the limb is again enlarged below the mark, so that they can be 
taken before the level in the right limb falls to Jc?, and the level in the left rises to H 1 . 
Similar reasons explain the shape of the left limb. The lower extremities of the limbs 
are also expanded and bulb-shaped. This form was given to them, so that, if by any 
mischance any solid particles were present in the liquid under experiment, they would 
tend to collect in the hollow under the end of the capillary. 

The instrument was made of thin glass to facilitate the passage of heat through its 
walls. It was therefore somewhat fragile, and would probably not have lasted 
throughout the observations had pains not been taken in its treatment. When 
immersed in the bath it was attached by light brass clips to a brass framework (see 
fig. 3). Whenever possible it was only manipulated when attached to this frame, and 
in this way it could be filled with liquid and cleaned with little risk of breakage. 

The general arrangement of the whole apparatus is shown in fig. 2. The scale is -fa 
A bath B, which for observations at temperatures below 100° contains water, and for 
higher temperatures glycerin, is supported on an iron stand, which is placed on a 
table in front of a window.* The bath is divided into two compartments. The inner 
compartment is provided back and front with plate glass walls; the rest of the bath 
is made of brass. The outer compartment bounds the inner at the sides, and under¬ 
neath, and is fitted with a tap for adjusting the quantity of liquid which it contains. 
The brass framework carrying the glischrometer, and thermometer T, can be lowered 
into vertical slots in the lateral walls of the inner compartment; when thus situated 
the glischrometer occupies a central position in the bath. The walls of both compart¬ 
ments ate provided with guides, along which move stirrers consisting of brass plates 
pierced with holes, which are attached to suitable rods and cross pieces, and are 
worked by a small water-motor W, M, which is connected with the upper cross piece 

* la practice two baths were need, one containing water, the other glycerin. 

‘ 8 o 2 
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by a cord and pulley arrangement as shown in the figure, The length of the cord, 
which varies with the atmospheric conditions, is adjusted by a hook and chain. Two 
sets of stirrers fixed to the rods at different heights move in front of and behind 
the glischrotneter in the inner compartment, and of course at the sides in the outer 
compartment. 

Lids pierced witli holes for the stirring rods, thermometer T, and india-rubber tubes 
E, E', cover in the top of the bath. The lids covering the outer compartment can he 
removed or replaced, even while the stirrers are in motion, without disturbing anything. 

The rubber tube E connects the right limb of the glisehrometer with the glass 
tube 0, in which is inserted the three-way cock Z. In the same way E' connects 
the left limb of the glisehrometer with the tube 0' fitted with the three-way cock Z'. 
At P, O and O' are united by a T-piece which leads to the bottle M containing a 
quantity of sulphuric acid, which can be abstracted or replaced by means of the 
siphon W. The acid serves to dry air in its passage from the reservoir L to the 
glisehrometer. When hygroscopic liquids are being experimented upon, the exit 
tubes of the three-way cocks are provided with small tubes filled with calcium 
chloride to prevent access of atmospheric moisture to the glisehrometer. In this way 
it is insured that dry air only is in contact with the liquid under examination. 

By means of the tube N, which extends from within a few millimeters of the 
surface of the acid in M to a centimeter or so below the cork L', and which is fitted 
with the cock Q, the air in M may be put into communication with the large air 
reservoir L. This consists of a glass bottle of about 30 litres capacity, encased in a 
wooden box, and surrounded with sawdust to prevent excessive fluctuation of tempe¬ 
rature. A glass tube A', which reaches to within 5 millims. of the bottom of L, is 
connected, as shown, by india-rubber tubing with the water reservoir It. The air in 
L is compressed by raising the water reservoir, the height of which can be regulated 
by a cord leading by a system of pulleys to the stud X, in close proximity to the 
position occupied by the observer, and to the water manometer D, D, which indicates 
the pressure set up in the confined air-space. The manometer is connected with the 
air reservoir by the tube I, I, which has a common termination with the tube N. 

Leading from L to the air is the tube H furnished with a stop-cock. This tube is 
but seldom used; it serves to make fine adjustments of the pressure by allowing 
small quantities of air to escape from L, and it is also useful when it is necessary to 
quickly bring the air in L to atmospheric pressure. The three-way cocks Z and Z' 
serve to put either limb of the glisehrometer in connection with the atmosphere or 
with the air reservoir, or to cut off communication of either limb with the reservoir 
or the atmosphere. By their means the air reservoir may also be put into connection 
with the atmosphere. 

When the apparatus is not in use, and the glisehrometer has been removed from 
the bath, the cocks Z and Z' are turned so as to cut off communication from L to the 
air, and the reservoir R is hung upon & peg which ia attached to the table at a level 
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below that of the bottom of the air reservoir. After water lias siphoned over from L 
to R, and the air in the former has thus been reduced to atmospheric pressure^ the 
cook Q is turned to prevent unnecessary absorption of water from L by the acid 
in M. 

In front of the bath is placed the iron stand S, which is fitted with levelling screws 
and rests on the low wooden support shown. Fixed to the stand are three vertical 
brass rods each carrying a telescope. The telescope on the middle rod is used for 
reading the thermometer T. The telescope on the rod to the right of the middle rod 
is used for viewing the marks m s , m* on the right limb of the glischrometer, that on 
the rod on the left for the marks on the left limb. On these outer rods are fitted the 
stops U, U, which have been so placed that, after levelling the stand S, when a 
telescope and a stop are in contact, one of the marks m of the glischrdmeter is in the 
field of view. The stop-watch is kept on the table just to the right of the telescope 
support. 

To obtain observations at temperatures above that of the atmosphere, the bath is 
heated by Bunsen burners, which are protected from draughts by a zinc screen fitted 
with glass windows, in order that the flames may be seen. The gas supply is regulated 
by a quadrant tap, A, fixed to the side of the table close to the observer’s hand. 
Temperatures below that of the atmosphere are obtained by introducing fragments of 
ioe into the outer compartment of the bath, this compartment being kept uncovered by 
the lids at such times. 

The double bath not only tends to keep the liquid round the glischrometer of a more 
uniform temperature, but it also has the advantage that the liquid in the inner com¬ 
partment need not be renewed very frequently, as any dust or dirt introduced while 
regulating the temperature is confined to the outer compartment, and thus in no way 
interferes with the telescope readings. 


Method of Exdekiment. 

Before introducing the liquid to be examined, it was essential that' the glischrometer 
should be perfectly clean and dry. The instrument was first rinsed out by successive 
quantities of dust-free water, alcohol, and ether, or, under ordinary circ ums tances, 
alcohol and ether only, and allowed to drain. It was then transferred to a specially 
constructed air-bath, heated to about 80° or 100°, and a current of air, filtered through 
cotton wool, and dried by oil of vitriol, was drawn through it for some time. 

The liquids used for washing were obtained dust-free by distillation in an appa¬ 
ratus made entirely of glass, consisting of a large Wurtz flask, fitted with a 
well-ground glass stopper, the exit tube being sealed to a glass tube, which was 
passed through a Liebig’s condenser. They were stored in ether bottles which, 
in addition to well-fitting glass stoppers, had glass caps ground on to their mdka . 
The liquid is gently distilled in this apparatus and, after sufficient time has been 
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allowed for the tube of the condenser to be nosed out, the distillate is collected in the 
dean and dry store bottle. A small quantity of liquid is allowed to collect, and the 
bottle is then rinsed out. After this process has been repeated three or four times, the 
bottle is allowed to fill up with the distillate, and if on examination with a lens, when 
the bottle is held up to the light, the liquid shows no trace of suspended matter, it 
is regarded as dust-free. If suspended matter is present the distillation is repeated. 
As a rule, by the use of this glass apparatus, one distillation of liquid, which has been 
distilled in the ordinary way, gives a sample free from dust. 


Fig, 3. 



A special piece of apparatus was made in order to introduce and withdraw liquid 
from the glischroraeter. The essential parts of the apparatus are seen in tig. 3. On 
one side of a mahogany stand, which is 75 centims. high and 17 centims. square, is 
fitted, by brass clips, a 20 cub. centira. pipette. A, which serves as an air reservoir. 
Connecting this pipette with a similar one containing mercury, is a short straight glass 
tube with a stop-cock, B, and a rubber tube. The mercury pipette can be hung upon 
either of the hooks C or D, and in this way the air in the reservoir can be put under 
increased or diminished pressure. / 

Connected by a T-piece with the air reservoir, are the two vertical glass tubes, E 
and F, each provided with stop-cocks. . One of these tubes can be joined by rubber 
tubing to the horizontal limb of a small T-piece, G, the vertical limb of which passes 
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through until it is just underneath the cork of the bottle, H, containing the liquid to be. 
introduced into the glischroraeter. A light glass bottle of about 25 cub. centime, 
capacity, to the base of which a disc of lead has been cemented to give it increased 
stability, was found of convenient size as a filling bottle. To the upper or free end of the 
vertical branch of the small T-piece, G, 2 centims. or so of narrow rubber tubing are 
fixed, which allow the short branch of a narrow siphon, K, to pass air-tight into the 
liquid in the filling bottle. The siphon was made by pulling out a piece of quill tubing 
in the blow-pipe flame, and bending it twice at right angles. The long branch extends 
downwards some 35 centims. or so, parallel to the front side of the mahogany stand. 
The second vertical tube, E, leading to the air reservoir, is useful for quickly putting 
the air in the reservoir to atmospheric pressure. It can also be used to introduce 
dry air, or other gas, to the reservoir and filling bottle when a hygroscopic or 
decomposable liquid is being employed. 

The other side of the stand is fitted with an exactly similar arrangement of pipettes 
and stop-cocks. A vertical brass rod, L, L, extends along the middle of the entire 
length of the front side of the stand at a distance of 2 or 3 raillims. from it. Along 
this rod slides a closely-fitting brass tube, M, which can be clamped to the rod by 
a screw and milled head, N, Two cross-arms, O, 0, are attached to the brass tube, 
and the ends of these arms have been so constructed that they may be readily made 
to support and hold vertically the brass frame, P, P, carrying the glischrometer. 

By means of this arrangement the glischrometer can be brought under the long 
branch of the siphon, and can be fixed with the end of the latter at any desired 
height within the right or the left limb. On regulating the heights of the mercury 
reservoir on the stand, and of the glischrometer, and manipulating the stop-cocks, a 
definite quantity of liquid can with ease be introduced or withdrawn from the 
instrument. 

On several occasions, during the course of the investigation, the glischrometer was 
treated with hot, strong nitric acid, in order to remove grease, free alkali, &c. 

While the glischrometer was drying, the filling bottle and siphon, which, of course, 
had been rinsed out with the same liquids as the glischrometer, were also being dried. 
The bottle was heated on a steam tray, in’a glass crystallizing dish, the top of which 
was covered by a glass plate to exclude dust. When warm, a stream of air filtered 
through ootton wool was blown through it. It was then corked, the ends of the 
T-piece being closed with short lengths of rubber tubing plugged by pieces of 
glass rod. 

The liquid under investigation was then distilled, in the apparatus described 
later, into the filling bottle. The latter having been repeatedly rinsed out with the 
dust-free liquid, a suitable quantity was then collected and the bottle coiked. 

The siphon, which meanwhile had been kept on glass supports in a cupboard out of 
the way of dust, was now suspended over the steam tray, and a current of, filtered air 
was then driven through it. When dry it was wiped on the outside with jfc clean silk 
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cloth, and fitted to the filling bottle in the manner already described. The siphon 
was rinsed out by allowing a few drops of the liquid to be examined to run through 
it. It was then slowly emptied by putting the filling bottle under diminished 
pressure. When it is empty, and bubbles are just about to be drawn through it into 
the liquid in the bottle, the latter is put to air and the air current thus stopped. 
This method has always to be used in order to empty the siphon, and the process 
must be slow in the case of volatile liquids, otherwise evaporation takes place so 
quickly at the free end of the siphon that ice crystals form and the siphon has to be 
dried anew. 

The quantity of liquid necessary to carry out an observation is greater than can be 
contained in any one limb of the glischrometer. Instead, however, of filling the 
requisite amount into each limb by means of the siphon, time is saved, and risk of 
introducing dust is lessened, by filling liquid into one limb and by putting the other 
limb to reduced pressure, the requisite quantity of liquid being aspirated into it 
through the capillary tube. The method uniformly employed was to allow the siphon 
to extend to the bottom of the right limb, the filling bottle being attached to the 
pressure arrangement on the right side of the stand. The left limb of the apparatus 
was then connected by the rubber tube Q, fig. 3, to the pressure arrangement on the 
left side of the stand. The siphon was slowly set in action, and, after the liquid level 
had risen above the capillary, the left limb was put under diminished pressure. It was 
necessary to allow but a small quantity of liquid to enter the left limb; when 
sufficient was introduced the pressure was brought up to that of the atmosphere and 
the filling of the right limb proceeded with. During this process, by lowering the 
glischrometer, the end of the siphon was kept just below the surface of the liquid; in 
this way only a short length of the outside of the siphon was wetted, and risk of 
introducing adherent dust minimised. When almost enough liquid had been intro¬ 
duced the frame carrying the glischrometer was clamped, so that the end of the 
siphon was at the height to be occupied finally by the liquid level. When the level of 
liquid had reached the end of the siphon the latter was emptied in the manner 
indicated. The volume of liquid to be introduced was found by trial; it was slightly 
more than was necessary for the purpose of observation when the liquid has the 
lowest temperature at which experiments were made. The quantity had not to 
exceed a certain limit, for, as will be seen presently, the traps T 1 , T 2 , fig. 1 , would 
thus be filled, and the observations would be interrupted before they had extended 
over the requisite range of temperature. It was also found convenient, in order to 
avoid the possible introduction of liquid into the trap during filling, to aspirate such 
a quantity of liquid into the left limb that the necessary volume of liquid was intro¬ 
duced into the glischrometer when the right limb was filled up to about the mark m s . 
Mobile liquids run so quickly through the siphon that when the liquid has reached the 
desired level, before the action of the siphon can be reversed, so much liquid may 
enter the glischrometer that if the volume of the limb up to the trap is not consider- 

JUDOOOXCIV.—-A. 3 H 
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able, the latter may be filled, and must be emptied before the observations can be 
commenced. 

When the volume of liquid in the glischrometer had been adjusted, the rubber 
tube Q was detached from the glischrometer, whioh was then lowered, the siphon 
moved aside, the tubes E and E' (fig. 2) fitted to the right and left limbs, and the 
ends of each stopped with a glass rod. The frame and glischrometer were now removed 
from the filling stand, and any small air bubbles which occasionally lodged in the inter¬ 
space between the capillary tube and the cross piece of the glischrometer were 
removed. The thermometer was now fitted to the frame, which was next lowered into 
the slots in the sides of the bath. The water-bath was used for low temperature 
observations, and in the case of this bath, the stirrers were next introduced. The lid 
of the inner compartment, which was pierced with holes for the rubber tubes and the 
thermometer, was then fitted on, and the bath placed in position directly under the 
pulley over which passes the cord leading to the motor. 

In the case of the glycerin bath, the stirrers remain permanently in the liquid, the 
glischrometer being introduced by unscrewing the cross pieces connecting the stirring 
rods and taking off the lid covering the inner compartment. This lid is made in one 
piece, and can only be removed in this way, or along with the stirrers as is done in 
the case of the water-bath. After adjusting the position of the bath, the rubber tubes 
E, E' (fig. 2) were at once fitted to the glass tubes 0, 0' respectively, and the cocks 
Z, Z' turned so as to put the limbs of the glischrometer in connection with the air 
reservoir L, and thus under equal pressures. The water reservoir was then raised to 
the required height, care being taken to wet the walls of the manometer for some 
distance above the points where readings were to be made. In this way, before the 
first observation was started, and in the interval between subsequent observations the 
experimental liquid was kept under the increased pressure of the air in the reservoir. 
Two advantages arise from this arrangement. In the first place, the air in contact 
with the liquid is dry, which would not be the case if the pressure in each limb were 
kept equal by putting the three-way cocks to air, and secondly, evaporation of the 
liquid in the glischrometer under the increased pressure is retarded. At high tempe¬ 
ratures the loss of liquid by evaporation during the interval between two observations, 
when the temperature is being raised, and afterwards when it is becoming steady, 
would in some cases be so great as to impair the volume necessary for the next 
observation if the liquid were kept at atmospheric pressure for such a length of time. 
Having established the pressure and having adjusted the length of the cord leading 
from the stirrers to the motor, the latter was put on to the water main and the 
stirrers set in motion. 

If the experimental liquid did not solidify above 0° ice was now introduced into 
the outer compartment of the bath, and as it melted the supply was replenished, the 
water formed being removed at intervals by the tap. The motor was easily con- 



BETWEEN THE VISCOSITY OP LIQUIDS AND THEIR CHEMICAL NATURE. 419 


trolled. The rate of stirring was altered by regulating the water supply and the 
length of stroke adjusted by attending to the cut-off. 

By rapid stirring the temperature soon falls, and becomes steady at 0 o- 3 or 0°'5, the 
exact temperature depending on the temperature of the laboratory. As a general 
rule, observations at as nearly as possible the same temperature were taken in both 
limbs of the glischrometer; for this purpose, as will be evident from what follows, the 
first observation at a given temperature had to be taken in the right limb. 

When the liquid in the glischrometer had acquired the constant temperature of the 
bath, the first point to be attended to was the adjustment of the working volume of 
liquid. During the time that the glischrometer had been standing after being filled, 
the liquid was slowly flowing through the capillary, and the level, which after filling 
was much higher in the right limb, had been falling and approaching that in the left 
limb. The cock Z was now turned so as to put the right limb of the glischrometer 
to air. The pressure of the air reservoir, which was acting upon the liquid in the left 
limb, caused the level in this limb to fall, and as soon as the meniscus, as seen by a 
lens through the glass wall of the bath, touched the mark k\ fig. 1, the pressure on 
both limbs was equalized. The slight excess of liquid over the volume ^H 2 which was 
introduced in filling the glischrometer, escaped into the trap T 2 . This process was 
carried out before observing the time of flow at any temperature, and in this way at 
the beginning of any experiment, the head of liquid in the limb, subject to a small 
correction for expansion of the glass of the glischrometer, was constant. As will be 
shown later, by this means a pressure correction for the effect of the varying head of 
liquid in the limbs of the glischrometer during the time of flow can be evaluated. 

The head of liquid having been adjusted, the left limb was now put to air. Under 
the pressure of the air reservoir the level in the right limb, which meanwhile had 
been slowly filling, descended more rapidly. 

The telescope on the right-hand outer rod was now clamped against the upper stop, 
when the mark m 8 was in the field. As soon as the meniscus was seen through the 
telescope to touch this mark the stud of the stop-watch was pressed and the hands 
started. Headings of the thermometer T through the telescope, of the water levels 
in the manometer, and of the manometer thermometer through a lens, were imme¬ 
diately taken. The telescope on the right hand rod was unclamped and allowed to 
slide down to the lower stop, the mark m* being then in view. During the experiment, 
attention was directed to keeping the temperature of the bath as uniform as possible. 
This temperature was noted at regular intervals during the flow, and if the latter 
were long, the manometer readings were also repeated. When the meniscus was seen 
through the telescope to touch the mark m 4 the hands of the watch were arrested and 
readings of the thermometer and manometer noted immediately as before. The time 
indicated by the watoh was next taken, and the hands brought back to zero. If it 
was judged that these final readings could be taken and noted before the level in the 
limb fell to A 8 the disposition of the cocks Z, Z' was left unaltered ; if the level, 

3 H 2 
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however, was falling too rapidly to admit of these observations, both limbs were put 
under the same pressure before the level fell to the mark k 3 . 

To take an observation in the left limb, precisely similar operations were gone 
through. The volume of liquid was first adjusted by bringing the level in the right 
limb to jfc 2 . Since, under ordinary circumstances, the left limb observation was taken 
at the same temperature as the previous one in the right limb, and from the faot 
that the limb is expanded below the mark m 4 , sufficient time is given to the observer 
before the meniscus passes from m 4 to k 3 to enable him to begin the observation in 
the left limb, the cocks, Z, Z', having remained undisturbed from the beginning of the 
right limb observation. The working volume, k 3 H 1 , is, as already stated, slightly 
less than H 2 . This was necessary because at high temperatures during the flow 
from the right limb a small but appreciable loss of liquid by evaporation took place, 
chiefly from the left limb, which was, of course, at atmospheric pressure. It was 
necessary, therefore, in order that observations might be taken at the same tem¬ 
perature in either limb, that the working volume in the left limb should be the 
smaller. 

Care had to be taken not to make the difference of the volumes too great, for in 
order that the right limb observation may be taken after a left limb observation, the 
difference betv/een the volumes must be made up by the expansion of the liquid in 
attaining the next higher temperature of observation, and in some cases this tem¬ 
perature interval is small—some 5° or so. 

Having taken the necessary readings in the left limb, the pressure was equalised 
on the two limbs before the level of liquid fell to k 1 and the bath was now raised to 
the next temperature of observation. 

To obtain temperatures between 0° and the atmospheric temperature, hot water, 
and, when necessary, ice were introduced into the outer compartment of the bath, 
and after several trials the quantity of boiling water needed to effect a given rise of 
temperature, and the quantity of ice which had to be added from time to time in 
order to maintain it constant, were ascertained with considerable precision. After 
the temperature of the bath had become steady and the liquid in the glischrometer 
had had time to acquire it, the head of liquid was adjusted and the observations 
taken as already described. 

To maintain the temperature just above that of the atmosphere small quantities 
of boiling water were from time to time introduced into the outer compartment of 
the bath; for higher temperatures up to 100°, the water-bath was heated by small 
Bunsen burners. 

Temperatures above 100° were obtained by the use of the glycerin bath, the water 
bath containing the glischrometer being allowed to cool to about 40°, and the 
glisohrometer then transferred to the glycerin bath, which had been previously warmed 
over a steam tray. The glycerin bath was heated by a large Bunsen burner with a 
spreading flame. 
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During its flow the liquid in one limb of the glischrometer was at atmospheric 
pressure, an observation could therefore not be taken at a temperature above the 
ordinary boiling-point of the liquid. The highest temperature at which an obser¬ 
vation was taken depended on the appearance of bubbles of vapour in the liquid. It 
invariably happened that bubbles began to form in the left limb, never near the 
capillary, but in the region of the mark m 2 . The temperature was raised till bubbles 
appeared in the left limb. A right limb observation was then taken, a few bubbles 
forming in the left limb while the flow was in progress, these bubbles affecting but 
slightly, if at all, the validity of the observation. A left limb observation was then 
taken at the same temperature, and could always be carried on without the appearance 
of bubbles. The fact that the results of these two observations are concordant proves 
that the effect of bubbles during the right limb observation is inappreciable. 

As a general rule, duplicate observations—one in each limb—were taken at the 
same temperature in the case of each liquid, and these observations were made at 
twelve temperatures, occurring at approximately regular intervals between 0° and the 
boiling-point of the liquid. It was found, however, that the variation of the coeffi¬ 
cient of viscosity with the temperature was of such a kind that it was needless for 
the purpose of the research to take observations at temperatures separated by intervals 
smaller than 5°. When, therefore, the range of temperature between 0° and the 
boiling-point of the liquid was but short, fewer than twelve pairs of observations 
were made, the number being regulated by the 5° interval. 

In all cases the time of flow decreases as the temperature rises. In the case of 
relatively visoous liquids, at low temperatures, single observations only were taken, 
alternately from the right and left limbs. When, however, by rise in the tem¬ 
perature the time of flow was reduced to a convenient amount, duplicate observations 
were again taken. 

If during a series of observations on any liquid the latter had to stand overnight in 
the glischrometer, the cocks Z, 71 were turned so as to prevent all passage from the 
limbs of the glischrometer, and the apparatus was then disposed as whejj not in use. 
When the cocks Z, 71 were placed as described above, the bottle M was in communi¬ 
cation with the atmosphere, and, therefore, to prevent access of moisture, the exits of 
the cocks were joined by a piece of rubber tubing. If the temperature of the bath 
was below that of the air, it was advisable to make the levels of the liquid in the two 
limbs about the same before turning the cocks, otherwise, on the temperature rising 
during the night to that of the atmosphere, the expansion of the air in the limb 
containing the smaller quantity of liquid might force the liquid from the other limb 
into the trap, and thus affect the working volume. 
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Conditions Determining the Dimensions of the Apparatus. 

The fundamental measurement which regulated the degree of accuracy aimed at, 
and therefore the dimensions of the apparatus, was that of time. Since a compara¬ 
tively large number of liquids was to be examined, and since it was considered to be 
necessary to make, as a rule, twenty-four observations on the same liquid in order 
that the law of the chauge of viscosity with temperature might be ascertained, 
it was desirable that the times of flow should be as short as possible, consistent with 
an accuracy sufficient to satisfy the requirements of the research. Considering the 
conditions of the problem, we may assume an accuracy of one part in 1000 as 
sufficient; indeed, when we have regard to the imperfection and uncertainty of the 
theory, this degree of accuracy is probably the utmost that we can at present legiti¬ 
mately aspire to. Since the watch was graduated into fifths of a second, and could 
be read to one-tenth, it followed, on the assumption that one-fifth of a second was the 
probable error in time of an estimation, and that two observations were to be taken 
at each temperature, that the minimum time of an observation, even at the highest 
temperature, should never be less than three minutes. At the lower temperatures, 
where the efflux times would be greater, the same absolute error in time, other things 
being equal, would of course have a smaller percentage effect. 

On the basis of Poiseuille’s observations, we first made a trial apparatus, and with 
such a working volume of liquid as seemed suitable (determined approximately in the 
mariner given below), we ascertained the size of capillary needed to give an efflux 
time of three minutes in the case of water at 100°. Observations with benzene, 
which is less viscous at its boiling-point than water, showed that the same apparatus 
could still be made to give efflux times within the minimum limit with liquids much 
less viscous than water at its boiling-point, provided that means were devised for 
slightly altering the pressure under which the flow took place. With the knowledge 
acquired by the use of this model the apparatus described was designed. 

As regard^the volume of liquid to be taken, it is obvious that, other dimensions being 
constant, the larger the volume of liquid employed, the smaller is the percentage effect 
of an error in the time; on the other hand, the larger the volume the greater becomes 
the difficulty of keeping the temperature uniform during the flow and of ensuring 
that the whole of the liquid has taken up the temperature of the bath. A relatively 
small volume meets the requirements, and it may be made to give sufficiently long 
times by using long and narrow capillary tubes. But in the case of a small apparatus 
the relative amount of liquid which adheres to the walls is greater than in a large 
apparatus of similar shape. On the assumption of the degree of accuracy above given 
we are thus able to fix the minimum limit. Considering all things the best volume 
to take appeared to be about 2*5 c.c. So small a quantity had the further advantage 
that it enabled observations to be made on liquids which were difficult to obtain in 
large quantities in a state of sufficient purity. The shape of the vessel had also to be 
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considered. As regards rapidity of acquiring a constant temperature, a long cylinder 
is better than a sphere; in the case of a sphere, however, less liquid adheres to the 
walls than in that of a cylinder of equal capacity. Experiments made with water 
determined the relations of length and breadth of cylinder such that the observations 
should not be influenced, within the limits of accuracy aimed at, by the liquid left 
adhering to the walls. 

Having fixed the working volume, the other factors to be considered in maintaining 
the time of flow at any temperature within the three minutes limit were the pressure 
and the dimensions of the capillary tube. 

As already stated the pressure employed was a head of water. The minimum 
head should be capable of measurement with an accuracy well within 1 in 1000. 
The scales of the manometer were divided into millimeters and could be easily read 
by a lens to 0‘2 millim. The minimum pressure head usually employed was about 
100 centims., which was found a convenient height to measure; hence the error in 
reading the manometer did not exceed 1 in 5,000. 

The dimensions of the capillary could now be fixed from Poiseuille’s observations 
and from the results of the experiments with the model. Since the time of flow 
depends on both the length and radius, it is obvious that the same time could be 
obtained by means of tubes of very different dimensions. It was advisable, however, 
to have the length as short as possible consistently with the considerations given 
below, for then the limbs of the apparatus could be placed near together, and could 
be kept more readily at the same temperature, and the temperature, indicated by 
a thermometer placed between them, could be taken as that of each. The length 
chosen was about 5 centims., and with this length the radius had to be about 
*008 centim. 

It will be obvious from 1 he above dimensions that the velocity of flow of liquids 
which have efflux times near the minimum limit is considerable. 


Mean velocity = —j f = 


2*5 


vrH t r x ( 008) 3 x 180 


= 66 centims. per second. 


In connection with this relatively high velocity two questions present themselves : 

(1) The formula used in obtaining the coefficient of viscosity is deduced on the 
assumption that the motion of the fluid within the tube is linear, and that the 
stream does not break up into eddies. Osborne Reynolds ( £ Phil. Trans.,’ 1883 
and 1886) has shown, experimentally, that if the velocity of efflux is greater than 
that given by the expression V = 200(b?/2 rd, the motion is probably turbulent, and 
therefore the formula will not hold. In this expression r) is the viscosity coefficient, 
and d the density of the liquid; r is the radius of the tube. By taking 
observations under different pressures, it has been shown, as is described later, that 
the flow in the apparatus employed by us is liuear. In the case of water the 
critical velocity at 100° in our apparatus is about 400 centims. a second, the velocity 
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actually observed is about 70 centime. In the case of ether, one of the most mobile 
of liquids, the critical velocity at 32°, as given by the above formula, is 360 centime., 
the actual value in the apparatus employed, even under the greatest head, is 
93 centime. It is evident, therefore, that our apparatus falls well within the 
requirements necessary for a stream without eddies. 

(2) On account of the high value for the velocity of efflux the kinetic energy 
correction (see p. 435) becomes in some cases comparatively large. Thus, in the 
extreme case of ether at 32°, under the highest pressure it is about 4 per cent.; 
this is also the value of the correction in the case of water at 100°, although 
at 5° it is only '16 per cent. On the other hand, the recent investigations by 
Finkener, Couette, and Wilberforce have shown that the theoretical basis upon 
which the evaluation of the correction depends is valid, and that the actual deter¬ 
mination of the numerical value can be made with a high degree of accuracy. In 
any case, the stoichiometric relations deduced from coefficients of viscosity thus 
obtained will in all probability be unaffected by any modification of the theory 
relating to the correction. For this modification can at most lead to a correction on 
a correction, because it is obvious that the liquid does carry away kinetic energy, 
which must be allowed for. 

Moreover the legitimate use of the correction will give a means of testing its 
validity, as the final results thus obtained can be compared with those observations 
in which this correction is less important. Dearth of experimental data has been the 
main obstacle in deciding the worth of the correction, and if, as has been the custom, 
its effect were in all cases to be evaded instead of ascertained, the problem would 
never be brought nearer to solution. 

Determination of the Constants of the Glischrometer. 

Volumes of Liquid Passing through the Capillary Tube. —The volumes of liquid 
contained between the marks m 1 and m~ on the left limb, and the marks m a and m 4 
on the right limb, were obtained by gauging with water. Three weights were ascer¬ 
tained—(1) The weight of water filling the glischrometer up to the lower marks m 2 
and m 4 ; (2) the weight of water filling the right limb up to the lower mark m 4 , and 
the left limb up to the upper mark m l ; and (3) the weight of water filling the 
glischrometer up to the upper marks m 1 and m 3 . In determining any of these 
weights a quantity of freshly distilled water was introduced by means of the filling 
apparatus into the clean and dry glischrometer, which had been carefully weighed. 
The quantity of water introduced was adjusted until the levels of liquid in 
either limb nearly coincided with the desired marks, pains being taken not to wet 
the glischrometer above these marks. To obtain perfect coincidence between the 
liquid levels and the marks, the glischrometer was transferred to the water-bath, and 
by slightly altering the temperature and adjusting the quantity of liquid in either 
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limb, by causing a small quantity to pass through the capillary tube, the temperature 
was obtained at which the quantity of liquid introduced into the glischrometer 
exactly filled it up to the marks, all the observations being made through the reading 
telescopes. The glischrometer was next withdrawn from the bath, its open ends 
closed by india-rubber caps, and allowed to take up the temperature of the balance 
case; the caps were then removed and the weight ascertained. Knowing the weight 
of the glischrometer alone, the weight of water (reduced to a vacuum) which at the 
temperature of the water-bath filled the instrument up to the marks could be ascer¬ 
tained, and on introducing corrections for the expansion of the water and of the 
glass, the volume at 0° could be readily calculated. 

From two concordant sets of observations carried out in this way the mean volumes 
were found to be 

Bight limb, m s , m 4 , 2‘6731 cub. centims. 

Left limb, m l , m a , 2‘5513 „ 

The amount of liquid which in any observation flows through the capillary tube is, 
of course, less than either of the above volumes by the quantity which adheres to the 
wall of the glischrometer-limb between the upper and lower marks. To obtain some 
idea of the amount thus adhering, a glass vessel was made of as nearly as possible the 
same shape and size as a limb of the glischrometer. This vessel was fixed vertically, 
filled with water, and the amounts which at ordinary temperatures adhered to the 
sides when the times taken by the water to flow from the vessel were about the same 
as that of the actual viscosity observations were determined by weighing. About 
•002 grm. was found to adhere, and with rise in temperature the amount appeared to 
diminish. The error thus introduced in the case of water corresponds to 1 in 1300, 
and is within the limits of the accuracy to which we could attain. 

Dimensions of the Capillary Tube .—It was expected, and it so happened, that several 
tubes would be broken before one was successfully sealed into the glischrometer in the 
manner already described. On this account measurements of the mean diameter 
and length of the capillary were deferred till the sealing in had been accomplished. 

Having ascertained, by rough optical measurements, that the section of the bore of 
a piece of capillary tubing was nearly circular, and that its mean diameter was suit¬ 
able, before cutting off the required length, the tubing was marked as shown. BC being 



the length required, at these points two outs were made with a sharp file, and on either 
side of each cut, the same letter, Bj or B 8 , was etched on the tube with glass-ink. The 
length, BG, was then broken off, carefully protected from dust, and sent to the glass- 
blower. Optical measurements made on the section of the pieces AB and CD at their 
JCDOCWXC!iy.--A. 3 I 
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marked ends served, of course, to give the dimensions of the bore at the ends of the 
length BC. In each case the length of the major and minor axis of the elliptical 
section of the bore was determined. The method employed was as follows:— 

One of the pieces, AB or CD, was fixed vertically in a cork, the marked end upper* 
most, and projecting a millimeter or so above the cork. The cork was placed 
centrally in a circular brass disc, on the circumference of which were four marks 90® 
apart. This disc stood on a piece of paper, on which were ruled two lines at right angles 
to one another, the marks on the disc coinciding with the lines on the paper, and the 
whole arrangement placed so that the section of the bore of the tube was in the 
field of the telescope of* a horizontal cathetometer, which was graduated to read to 
•0001 centim. By rotating the cork, the major axis was, by trial, brought parallel, 
to the cross-hair of the telescope, and the minor axis was then measured. On 
rotating the disc through 90° by means of the marks on its circumference and the lines 
on the paper, the major axis could next be ascertained. 

Some thirty measurements made in this way gave the following mean values 
observed at 17°*2 :— 



Major axis. 

Minor axis. 

End B x . 

■017207 

•016175 

End B s . 

•017200 

•016412 


Correcting for the expansion of the glass and of the scale of the cathetometer, these 
numbers give at 0° as values for the mean section of the bore of the tube 

Semi-major axis, ’008603; semi-minor axis, '008148. 

If these measurements could have been taken as absolute lengths in centimeters, no 
further observations need have been made on the dimensions of the section of the 
tube. It is very difficult, however, to obtain an instrument which will give such 
readings for lengths so small; we have, therefore, regarded the above as relative 
measurements, and have obtained the true lengths of the semi-axes by combining the 
preceding measurements with what we have taken as the true mean radius of the tube 
as determined by weighing with mercury, in the manner shortly to be described. 

On receiving the glischrometer from the maker, the first point to decide was 
whether the bore of the tube had been modified in the process of sealing. A thread 
of mercury was introduced into the tube of such a length that it could be measured 
when on either side of the zone of sealing, or when its central portion was in the 
region of the zone. Eighteen measurements were taken by the horizontal cathe¬ 
tometer, six when the thread was in somewhat different positions in each of the three 
regions indicated above. The following mean values were obtained:— 
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Thread towards end B a . 1*5602 centime. 

Thread at zone of sealing. 1*5573 „ 

Thread towards the end B a ...... 1*5581 „ 

It is evident that no appreciable modification in the dimensions of the bore had 
been brought about in making the glischrometer. The measurements indicate also 
the increase in the section of the tube towards the end B s , which was apparent from 
the previous optical measurements. 

Length of the Bore of the Capillary Tube .—From the fact that the ends of the 
tube were somewhat oblique, it was a matter of some difficulty to find the exact 
length of the bore. When the glischrometer was laid flat on the table with that side 
undermost upon which the various marks to 1 , m 2 , &c., were etched, owing to the 
obliquity of the ends the termination of the bore could not be seen, and even with the 
etched side uppermost the termination was not quite definite. Accurate readings 
were obtained, however, by introducing a thread of mercury into the tube, the 
quantity of mercury being so arranged that at either end the thread expanded into a 
spherical globule. With the etched side uppermost the points where the bore ended 
and this expansion took place could be clearly made out. Measurements were then 
made with a Brown’s calibrating instrument of the length of the bore indicated in 
this way, when the bore was parallel to the line of motion of the reading microscope 
and when different parts of the scale of the instrument were used. 

From twelve measurements the mean observed length at 15°*95 was 

4*9318 centime. 


Corrected for the expansion 
this value became 


of the brass scale and the expansion of glass, at 0° 
4*9326 centims. 


Mean Radius of the Bore of the Tube .—The mean radius was determined by 
weighing a globule of mercury which occupied a known length of the bore of the 
tube. After several trials the method adopted was as follows:—The glischrometer, 
perfectly clean and dry, was fixed with the capillary tube vertical, the left limb being 
uppermost, and, of course, horizontal. Into this limb was next introduced a long 
piece of drawn-out glass tubing containing a small globule of pure re-distilled mercury. 
One end of this piece of tubing was placed on the flat end of the capillary, and to the 
other end was attached a piece of rubber tubing. By gently compressing the rubber 
tubing the globule was transferred to the flat end of the capillary. The drawn-out 
tube was then removed, and a small india-rubber ball, which could be used as a 
compressing syringe, was attached to the free end of the left limb, By gently tapping 
the glischrometer the globule was brought over the bore of the capillary, and, when in 
this position, by oompressing the ball it was slowly driven into the tube. After a 

3 i 2 
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sufficient length of mercury had been introduced, by quickly laying the glischrometer 
flat on the table, the excess of mercury contained in the globule was detached into the 
left limb. The position of the thread which nearly filled the bore was then made as 
nearly as possible equidistant from the ends of the capillary. 

The length l of the thread was then ascertained by the calibrating instrument, eight 
measurements, as a rule, being made when the thread was parallel to the line of 
motion of the reading microscope and when either side of the glischrometer was 
uppermost. 

When the length had been accurately measured, by tilting the glischrometer the 
thread was completely transferred, in the form of a globule, into the right limb. By 
judiciously tapping and tilting the glischrometer, the globule was next very gradually 
moved to the free end of the limb, its course being followed with a lens in order to 
see that no separation into smaller globules took place. The globule was finally 
received in a small weighed glass tube which fitted into a slightly wider tube. The 
tubes together weighed less than 1 gram. 

The weight W of the globule, which was but some *013 grm., was then ascertained. 
The weighings were performed on an assay balance by the method of vibrations. The 
sensibility of the balance was about 7 (1 scale division corresponded to less than 
'00014 grm.) The zero point and the sensibility were determined before and after 
each weiglung. Reduction of the observed weight to a vacuum was unnecessary 
since mercury was weighed against platinum. By the use of the ordinary formula, 
R = ^/( Wjirpl ), on introducing the necessary corrections for the expansion of the 
brass scale of the calibrating instrument, and for the expansion of glass and change 
in p, the density of mercury, the mean of two concordant determinations carried out 
as above gave for R the mean radius of the capillary at 0°, 

'0082018 centim. 

If A and B are the semi-axes of the elliptical section of the tube, on taking the value 
of the ratio A/B, as already obtained by the optical method, and using the above 
value of R as the true mean radius of the tube, the values of A and B are found to be 

A =s '0084374 centim. B = '0079728 centim. 

At 0° the constants of the glischrometer thus obtained were as under :—> 

Volume, right limb = V B . as 2’6781 cub. centims. 

Volume, left limb = Y u — 2'5512 „ „ 

Length of capillary = l = 4'9326 centims. 

Section of j Major axis = A = '0084374 centim. 

Capillary 1 Minor axis = B = *0079728 „ 

Determination of Temperature.-— Two sets of thermometers, each consisting of two 
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instruments, were employed. The working range of the first instrument extended 
from 10° to 110®; that of the second from 100° to 210®. They were of the 
Oeissler pattern, made of Jena glass, and had been compared with standards at the 
Physikalisch-Technische Reichsanstalt at Charlottenburg. Each thermometer was 
provided with two fixed points and was divided into half-degrees and could be read 
by the telescope to hundredths. The position of the two fixed points was ascertained 
from time to time, and the necessary corrections introduced into the temperature 
readings. During the time over which the observations extended there was no 
appreciable alteration in the capacity of the bulbs. 

In considering the influence of thermometric errors it must be remembered that 
dri/d T varies for different liquids, and moreover for any one liquid varies greatly with 
the temperature. Thus for water the value of this rate of change is about 18 times 
as large at 0° as it is at 100°. This example serves to illustrate the general rule that 
dr,/dT is much larger at low than at high temperatures. On the other hand, in con¬ 
sidering the effect of possible errors due to this circumstance, it must be remembered 
that it is much easier to keep the temperature constant at low temperatures, and that 
the accuracy of the final result is increased by the multiplication of thermometer 
readings at the low temperatures, and that the longer times of flow tend to ensure that 
the liquid has actually the temperature of the bath in which the whole is immersed. 
An error of 0°*1 in observing the temperature may be taken for an average value of 
the viscosity as corresponding to about 1 part in 1000 in the value of rj. 

Determination of Pressure .—The pressure under which the liquid was driven 
through the capillary tube was measured by means of a water-manometer. This 
consisted of a glass U-tube fixed, as shown in fig. 2, to a stout wooden frame, provided 
with a plummet and levelling screws. The shorter limb of the manometer was con¬ 
nected with the air-reservoir, and between the limbs was a thermometer to determine 
the temperature of the water. Two millimeter scales, each 10 centime, long, were 
etched on each limb, the middle points of the inner pair and of the outer pair being 
equidistant from the middle point of the longer limb. The two upper scales were 
read from below upwards, the two under scales from above downwards. The pressure 
head was thus the sum of the scale-readings, plus the distance between the zeros of 
the scales. The quantity of water was adjusted so that the levels were always on 
corresponding soales, i.e., either on both of the inner or on both of the outer scales. 
Pressure heads of circa 130 centime, were measured by the outer scales, and those of 
circa 100 centime, by the inner. The inner scales were principally used for such 
liquids as would, under the higher pressures corresponding to the outer scales, give 
times of flow under the three minutes limit. The lengths of the scales were tested 
and the distanoe between their zero-points measured by means of a De La Rive 
cathetometer. As 'the pressure head was to be expressed finally in terms of water at 
4®, the scale of the manometer was corrected to 4°. This was done once and for all 
from thl o&tbetometer readings at the mean atmospheric temperature by applying a 
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correction, which also included a small scale error, to the distance between the 
scales. The variation in length of the manometer between the mean and extreme 
temperatures of the laboratory may be neglected. The true length of the water 
column on a scale correct at 4°, having the temperature of the atmosphere, could 
thus be got with ease. To express this as a head of water at the temperature of 4°, 
advantage was taken of the fact that when the same two scales were used the pres¬ 
sure head was almost the same, and thus the correction of the head for change in 
density of the water depended only on the temperature. A table was therefore con¬ 
structed from which by inspection the correction to be applied to the head at any 
temperature in order to give the height of a column of unit density could be obtained. 
In order to find the mean effective pressure, two corrections have to be applied to 
this head of water. 

1. Correction for Inequalities in the Atmospheric Pressure on the Liquid Surfaces 
in the Manometer and Glischrometer. —A head of air, assumed to have the mean 
atmospheric temperature and pressure, and having a height equal to the difference 
between the upper level of liquid in the manometer and the. mean level of liquid in 
the glischrometer, opposes the flow of liquid through the capillary. Acting in the 
same direction is a head of air having the atmospheric temperature and a pressure 
equal to that of the atmosphere plus that indicated by the manometer, and having a 
height equal to the difference in level of the lower liquid surface of the manometer 
and the mean liquid level in the glischrometer. The mean value of this correction 
for the outer scales was 0'17 centim. of water at 4° ; for the inner scales the correction 
was 0-13 centim. 

These values are not appreciably aftected by changes in atmospheric density, and 
were therefore applied once and for all as corrections to the distance between the scales. 

2. Correction for Change of Head of Liquid in the Glischrometer. —This correction, 
which is needed to eliminate the effect of the alteration in the heads of liquid in 
the two limbs, is by far the more difficult to ascertain. 

If the limbs of the glischrometer had been identical in all respects, it would have 
been possible to arrange the working volume of liquid before each flow, so that the 
pressure produced by the head of liquid acting in unison with the pressure of the 
air-reservoir during the first half of the time of flow, would have been cancelled by 
an equal back pressure during the second half. As it was impossible to obtain the 
limbs exactly similar, and as on this account the mean head of liquid accelerating the 
flow differed from that retarding it, it became necessary to estimate the exact value 
of the effective pressure due to this cause, and provide some means of ascertaining 
its effect at any temperature with any liquid. This was rendered possible by the 
use in each flow of a constant working volume of liquid, as already described. To 
obtain the effective pressure called into play during the flow from, say, the right 
limb, it was neoessary to take account of the fact that the rate of change of pressure 
was largely influenced by the varying diameter of the limb. A paper millimet er 
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scald, 1 millimeter broad, was gummed along the entire length of each limb of the 
glisohrometer. A quantity of water was then introduced into the instrument, which 
was transferred to the bath, and after a constant state of temperature (that of the 
atmosphere) had been obtained, the working volume of liquid was adjusted. The 
position occupied by the mark M 8 was ascertained by a cathetometer, the level 
of liquid in the right limb brought just into contact with the mark M 8 , and the 
position of the level in the left limb read off. As the level fell in the right limb to 
the mark M 4 , readings were taken on the cathetometer and paper scales, of the 
levels in both limbs, when that in any one limb was leaving a narrow portion of the 
limb to enter a wide portion, or vice versd. Finally the cathetometer reading of the 
mark M 4 was observed, the level brought into contact with it, and the position of 
the corresponding level in the left limb noted. The positions of corresponding levels 
are numbered alike, and are roughly indicated in fig. 1, p. 410. The temperature 
remaining unaltered, the time was next observed, by fixing the cross hair of the 
observing telescope on the corresponding reading of the paper scale, which the 
liquid took to pass from 1 to 2, 2 to 3, &c., under a constant pressure. It was then 
possible to plot out a curve having as absciss® the times, and as ordinates the heads 
of liquid, 1 r — 1l, 2 K — 2 L , &c., representing the variation in the head of liquid with 
the time throughout the entire flow, the curve between any two consecutive ordinates 
being assumed to be straight. The curve consisted, of course, of two portions, one 
above, the other below the axis of absciss®. On dividing the difference in the area 
enclosed between the upper part of the curve and the axis of absciss®, and that 
enclosed between the lower part of the curve and the axis of absciss®, by the total 
time of flow, the mean head of water of density corresponding to the temperature of 
the experiment which influences the flow is obtained. In the case of the left limb 
this was found to be — *139 centim. at 19°*15; in the case of the right limb it was 
— '253 centim. It is obvious that with the same liquid this height will be subject to 
a correction for expansion of the glass of the glischrometer, but as the height is 
small compared with the total pressure, 130 centime, or so, the correction may 
be neglected. Thus, for any liquid for any temperature •— *139 centim. represents 
the mean head of liquid opposing the flow from the left limb. In order to put this 
head into the form of a correction to be applied to the reduced reading of the water 
manometer, account has to be taken of the densities of the different liquids, and of 
the variation in density of each liquid with change of temperature. A table has 
been constructed for each limb of the glischrometer, from which, knowing p, the 
density of the liquid at 0°, and s, the volume which 1 cub. centim. at 0° occupies at 
the temperature of experiment, it is possible to obtain by inspection the value, in 
centims., of water at 4°, corresponding to the mean effective pressure head of any 
liquid at any temperature. The tables include densities from 0*7 to 3*0, and volumes 
from 1 at 0°, to 1*8 at the highest point of observation. 

BwS of Time .—Two stop watches supplied by Dent were used. The 
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rate of each was determined from time to time by running it for 12 hours against 
an astronomical clock controlled by hourly signals from the Royal Observatory, 
Greenwich, and suitable corrections, which were in all cases very slight, were 
introduced into the observed times of flow. 

Purity op the Liquids Employed. 

As regards the purity of the liquids investigated, we mainly relied upon their origin 
and mode of preparation, but we give, whenever possible, as criteria, the boiling- 
point and vapour density, and in some cases the density of the liquid employed for 
the viscosity determinations. 

The boiling-point was in almost all cases determined by means of the apparatus 
seen in fig. 4, constructed on a principle similar to that already employed by 
Berthelot. It is made entirely of glass in order to exclude dust and extraneous 
organic matter, and is so arranged that the mercurial column of the thermometer is 
jacketed for by far the greater part of its length, and is completely surrounded by 
vapour during a distillation. Hence the correction for the emergent column, which is 
especially unsatisfactory in the case of thermometers of the Geissler pattern, is 
obviated. For this reason it is only in the case of a few liquids which were distilled 
from ordinary flasks that there is any correction for emergent column involved in the 
boiling-points as given by us. 

Fig. 4. 



The neck of the flask is constricted just below the cork supporting the thermometer, 
so that the cork may never be moistened by the liquid. 

The observations on boiling-points are reduced to a standard atmosphere by the 
formulae of Crafts (‘Ber.,’ 20, 709) and of Ramsay and Young (‘Phil. Mag.,’ 
1885, 515). In certain cases where the vapour pressures have been studied the 
corrections have been deduced from the curves of vapour pressure. 

In cases in 4duch it was necessary to carry out a fractionation the same 
apparatus was employed; on account of the large radiating surface and the peculiar 
construction of its neek, the flask was found to be very well adapted to this purpose. 
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, The vapour density was ascertained by means of the modified Hofmann apparatus 
already described by one of us (Thorpe, * Chera. Soc. Trans.,’ 1880), which allows of 
the introduction of all the corrections necessary to obtain normal values. The formula 
tiled in the reduction of the observations is 

D = 760W (1 + «T)/-0 4 8 9 5 7V {H - h (1 - /ST)}, 

where 

D = required vapour density, 

W = weight of substance taken, 
a as *003665, 

T = temperature of vapour-jacket, 

V = observed volume, corrected for meniscus and volume of bottle 
X (1 + ‘000025T), 

H = barometric height corrected for scale error and reduced to 0°, 
h = height of mercury in experimental tube corrected for scale error at the 
temperature T of the vapour-jacket, 

/8 = *00001808. 

It will be seen that the agreement between the observed and theoretical values is, 
as a rule, very satisfactory. 

Deduction of the Working Formula. 

When a stream of liquid flows through a tube of uniform section, so far as 
experiments have been able to show, the liquid molecules appear either to move 
in straight lines parallel to the axis of the tube, t.e., the motion is linear; or the 
stream breaks up into eddies, i.e., the motion is turbulent. 

With a given liquid flowing through a given tube, linear movement corresponds to 
the lowest velocities, turbulent movement to the highest, and for intermediate values 
of the velocity, the two kinds of movement may occur alternately. 

In order to deduce the value of the viscosity coefficient from the time of flow, it is 
essential that the movement be linear. 

If a horizontal tube of indefinite length and of radius It be traversed by a constant 
current of liquid, pressure falls in passing along the tube in the direction of the 
movement, and if measurements of pressure be made at any two sections of the tube 
distant l from one another, the difference of pressure observed, if the movement is 
linear, may be attributed to two causes :— 

"1. To friction of the liquid against the walls of the tube (external friction). 

2. To the Viscosity of the liquid (internal friction). 

Experiment seems to show, however, that (1) is inoperative, because it is found 
that if the tube be Wetted by, the liquid, the loss of pressure is independent of the 
nature of the material of which the tube is made. It is, therefore, assumed that the 
layer of liquid in immediate contact with the wall of the tube is stationary, and the 

M3NX30XOlV,«-A. 8 K 
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experiments of Koch {‘Wied. Ann.,’ 14, I) on the flow of mercury through g lass 
tubes, and those of Couette on the flow of water through paraffin tubes, seem to 
show that even when the tube is not wetted the same state of things prevails.* 

Under the conditions above given, the loss of pressure may thus be wholly 
attributed to overcoming the viscosity of the liquid. 

Assume the velocity of the liquid molecules to be the same at points equidistant 
from the axis of the tube, and to be zero at the wall of the tube and greatest at the 
axis, and consider the forces acting upon an elementary cylinder of liquid situated 
between the two sections of the tube at which pressure is measured, and having for 
its axis the axis of the tube. 

If r be the radius of such an elementary hollow cylinder, dx its length, measured 
in the direction of the axis of the tube, dr its thickness, and P the pressure exerted 
on one end of the cylinder, then the total pressure on this end will be 2m']?dr. On 
the other end of the cylinder the pressure will be 2 irr [P + (dPjdx) d#] dr. The 
difference of these two pressures 2irr (dP/dx) dxdr is spent in overcoming viscosity 
or internal friction, inasmuch as the external pressures which are normal to the 
direction of movement must be in equilibrium with the weight of the liquid. 

Within the cylinder, the adjacent liquid is moving more freely and tends to carry 
the cylinder along with it, whereas on the exterior surface of the cylinder the 
adjacent liquid, which is moving more slowly, exerts a retarding effect. The 
difference of these two friction-effects corresponds to the loss of pressure. 

In order to estimate the magnitude of the friction-effects assumptions have now to 
be made. When a liquid is at rest 'its surface is plane, the force between two con¬ 
tiguous strata of liquid is therefore normal to their surface of separation. It is only 
when the liquid moves that this force has a tangential component. It- is thus assumed 
that the magnitude of this component is a function of the relative velocity of the 
strata, becoming zero when the relative velocity is zero. For small velocities, such as 
those usually attained in capillary tubes, it is further assumed that the tangential 
component is simply proportional to the relative velocity. The tangential component 
is also assumed to be proportional to the area of the surface of contact, and to be 
independent of the curvature of the surface. After making these assumptions it may 
readily be shown that if p be the difference in the pressures at two sections of the 
tube distant l from one another, then V, the volume of liquid carried through the 
tube per unit time, is given by 

# The question of slipping at a liquid boundary has recently been raised by Bassett (‘Roy. Soc. 
Proc.,’ 52, 273,1893). Trustworthy experimental support to the idea that slipping really takes place 
seems, however, to be wanting. Besides the resnltB quoted above, and those summarised by CotiKTTB 
(Ann. do Chimie et de Phys. [6], 21, 490, 1890), the work of Whetham (‘Phil. Trans.,’ vol. 181, A. 
(1890), p. 559) is oonohwive in showing that during linear movement the liquid layer in contact with 
the solid wall is stationary, and from the experiments Of CoOErnc, the same condition appears to, hold 
even when the movement is turbulent. 
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V as nR^p/Sril, 

and thus, that 

7j = ir!t 4 jp/8Y/. 

It is also possible to obtain the same expression for t) by integrating the simplest of 
the fundamental hydrodynamical equations of Navier (* Mdm. Acad. des Sciences,’ 
vol. 6, 1822), after making the assumptions that when a permanent current of liquid 
passes through a tube the velocities of the molecules are parallel to the axis of the 
tube and zero at the sides (Couette, * Bull, des Sci. Phys.,’ 1888). 

If, instead of considering a tube of indefinite length, and the loss of pressure taking 
place between two sections of such a tube, we deal with a system consisting of two 
reservoirs, connected by a tube of finite length, the difference of pressure measured 
being that between the two reservoirs, then the above formula will in general not apply 
unless suitable corrections be introduced. This arises from the fact that the observed 
difference of pressure will, in general, not be entirely spent in overcoming viscosity 
within the tube, for, besides this cause of loss of pressure, the following have to be 
taken into account:— 

(1.) If the liquid flows through the tube with a finite velocity, at the entrance to 
the tube pressure will be spent in imparting kinetic energy to the liquid. 

(2.) Owing to modifications of the stream-lines, especially at the entrance, pressure 
will be spent to some small extent in overcoming friction outside the tube, in the 
neighbourhood of its ends. 

It is possible to arrange the experimental conditions so that corrections for these 
disturbing causes may be neglected. The observations made by Poisedille, with 
long and narrow tubes, are in perfect accord with the preceding formula. In these 
experiments the velocity of efflux was so small that the kinetic energy correction was 
inappreciable, and, owing to the length and narrowness of the tubes, the pressure 
spent in friction outside the tubes was negligible in comparison with that spent 
within them. When, however, the velocity of efflux is considerable, and the tube is 
as short as that of our glischrometer, the magnitudes of these disturbing effects have 
to be ascertained and, if necessary, corrections have to be applied. 

(1.) A correction for the kinetic energy imparted to the liquid was first deduced 
by Hagenbach (‘ Pogg. Ann.,’ 109, 385, 1860). His conclusion may be thus stated. 
If, in the formula for an indefinitely long tube, l be taken as the length of a finite 
tube, and p the difference of pressure between the reservoirs which the tube connects, 
then the value of this correction, which has to be applied to the formula, is 

- pV/2 lM irl, 

in -which p is the density of the liquid. 

In a communication (‘Ann. de Chim. Phys.’ (6), 21, 433, 1890), which must be 
regarded as containing the most complete theoretical discussion, which has hitherto 
appeared, of the formula applicable to the case of a finite tube, Couette finds that 

3 k 2 
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— pY/8irl 

is the true value of the kinetic energy correction. This value is greater than that 
given by Hagenbach in the ratio of ^2 to 1. 

Simultaneously with the publication of Couette’s paper, Gartenmeister (‘Zeit. ffir 
physik. Chem.,’ 6, 524, December, 1890), stated that, from considerations not then 
published, Professor Finkener, of Berlin, had arrived at a correction which is identical 
with that given by Couette, and, more recently, Wilberforcb (‘PhiL Mag.,’ 5, 31, 
407, 1891) has shown that, from Hagenbach’s assumptions, the value of the 
correction, as given by Couette and Finkener is correct, as there is a slip in the 
reasoning employed by Hagenbach. What may be termed the Couette-Finkener 
value of the correction is the one adopted in this paper. It is shown by Couette to 
give much better results than that of Hagenbach when applied to observations 
made with two of the shortest tubes used by Poiseuille, in which the velocity of 
efflux was large and varied considerably. 

The formula corrected for kinetic energy is therefore 

t? = irR*p/8Vl - P V/8*1. 

(2.) Couette alone seems to have attempted to obtain a measure of the friction 
near the ends of the tube. What actually takes place in this region is not suffi¬ 
ciently known to admit of the magnitude of the effect being theoretically deduced. 
Couette concludes, however, that in order to assess its value experimentally, it may 
be regarded as the same as that of a slight alteration in the length of the tube 
employed, and the formula for a finite tube containing the corrections for kinetic 
energy and the influence of the ends, he gives as 

_ / irli^p pY \ l 

V ~ \ ~8V7 ~ 8t rl ) l + L 

Here, L is the length which must be taken in a tube indefinitely long and of the 
same radius as the finite tube in order that when Y volumes of liquid flow per unit 
time through the tube the work spent in friction per unit time for the length L will 
be the same as that dissipated by the influence of the ends. The magnitude of L 
which takes note of this friction effect he attempted to deduce from such experi¬ 
mental data as were available. Two sets of observations were made by Poiseuille 
with short tubes (say A and B) of the same radius but of different lengths. From 
observations made with these short tubes at a uniform temperature of 10°, the values 
of rj calculated by the formula for an indefinitely long tube vary with the velocity Of 
efflux. On introducing the Gouette-Finkener correction for kinetic eneigy* unless 
in the case of the highest velocities, the value of rj is constant for either tube, but is 
different in the case of tube A from that in the tube B, and in both eases it differs 
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from the true value of 17, as deduced from Poiseuilife’s observations with long tubes 
ih which the corrections are negligible. 

These differences Cotjette attributes to the effect of the magnitude L. Let rj A be 
the constant value obtained for tj by the above process in the case of tube A, its 
value in the case of tube B. On assuming that L has the same value for both tubes, 
Seeing that the diameter of each tube is the same, from the preceding equation the 
true value of 17 should be given by 

_ _ (a. _ Jb__ 

V - ^ l A +L ~ Vb l B + V 

This was found to be the case ; the true value of 17 thus deduced was identical with 
that obtained by Poiseuille in the case of long tubes. On solving for L, its value 
was found to be 2*868 times the diameter of the tubes. 

From a set of experiments made by himself in which the diameter was seven times 
that of the tubes used by Poiseuille, Couette found that L was 3*2 times the 
diameter. Couette concludes from this evidence that, unless the velocity of efflux be 
considerable, the value of L is constant and about three times the diameter of the 
tube. Probably its magnitude becomes somewhat larger as the diameter increases. 

The conditions of velocity in our observations and the diameter of our tube are 
similar to those for which the above constant value of L seems to hold, and, on 
applying the correction 1/(1 + L) to our results, after correcting for kinetic energy, 
they would be diminished by about 1 per cent. We find, however, that without 
applying this correction for L, bur observations give results for water identical with 
those of Poiseuille. 

It need not follow, however, that our results are in opposition to the idea that the 
source of error denoted by the correction is inoperative. We are rather inclined to 
believe that its effect is made negligible in our case by another source of error which 
acts in the same sense, and which it seems impossible to allow for. The radius of our 
tube waB obtained by weighing with mercury, a method which gives low results, due 
to the film of condensed air which invariably intervenes between the mercury and 
the glass. The radius thus obtained will be too small, and seeing that the fourth 
power of the i*adius is employed in determining 77, the percentage error made in 
observing It will be magnified. 

For this reason, we have neglected the correction for L in deducing the value of 17 ; 
this was indeed the only course which appeared to be open. The correction L is an 
experimentally determined quantity, which was introduced in order to make observa¬ 
tions taken with short tubes coincide with those taken by the long tubes of P oiseuille ; 
in our case this coincidence exists without the use of the correction. 

The formula used by us to obtain 17 was thus 

17 ttR>/8W - pY/SnU, 
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where V is now the volume of the liquid passing through the tube in time t. This 
formula was deduced for a circular tube of radius R, but it is almost impossible to 
obtain narrow tubes of perfectly circular section. The tube employed, as already 
stated, was elliptical. In such a case the semi-axes of the ellipse being A and B, 
Professor Rucker was good enough to show that R 4 /8 in the above formula should be 

A RTjq 

replaced by when A = B = R, is, of course, R 4 / 8 . 

Since observations were made at different temperatures, a correction for expansion 
of glass, and for changes in p, the density of the liquid, must be introduced into the 
formula. 

If A, B, V, l and p are determined for 0 °, if 9 be the temperature of observation, 
yS the coefficient of linear expansion of glass between 0 ° and 9, and s the volume which 
1 cub. centirn. of liquid measured at 0 ° occupies at 9, then 7], the coefficient of viscosity 
measured at 9 will be given by 

7 tA 3 B'> (i + pe? v P (i+3/S0) 

7)0 - 4 (A 3 + B 3 ) IV (1 + $6f (1 + 3 / 30 ) 8-rrUs (1 + &6) ' 


Neglecting quantities of the second order, 


irA*mp 

Ve ~ 4CA r +lP )JV 


Vp 

Sirlts 


(1 + 2 ) 30 ). 


This formula may be written 

V)e = ~ V • 


1 + 2/30 
is 


K and h are constants having different values for each limb of the glischrometer, 
and p is, of course, constant for the same liquid. 

1 + 2/30 could be taken with sufficient accuracy from a table constructed for every 
5 degrees; s was obtained from observations on the thermal expansion of the liquid. 

Details of the measurements made in order to determine the constants K and k 
have already been described. Their values are given by 

log K l - 7-140937 log k L = 2*313429, 

log K r = 7*120666 log = 2*333699. 


On the Mathematical Expression of the Relation of the Viscosity of 

Liquids to Temperatures. 

Our observations on the several liquids were, as already stated, taken at intervals 
of temperatures varying between 5° and 15°. In order to obtain viscosity coefficients 
at any desired temperature from these observations, we have used both graphical and 
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algebraical methods. It may be convenient to discuss here the reasons which led to 
our adoption of the particular type of algebraical expression which we employ. 

Most of the formula which have hitherto been proposed have been devised from a 
study of the effect of temperature on the viscosity of water. Poiseuille (loc. cit .) 
used an expression of the form 

Vt = Vol (1 + at + /^ 2 ). 

O. E. Meyer (‘ Wied. Ann./ vol. 2, p. 387, 1877) showed that although this 
formula gave good results for the temperature range over which Poiseitille’s obser¬ 
vations extended, namely 0° to 45°, yet for higher temperatures it was inapplicable. 

For such temperatures Meyer proposed the hyperbolic expression 

V‘ — W(! + 

To cover the entire temperature range from 0° to 100°, Slotte (‘ Wied. Ann./ vol. 14, 
p. 13, 1881) suggested the expression 

Tjt = C/(a 4 ~ — 

which gives numbers in fair agreement with the observed values. 

The preceding formulae were all deduced empirically and were applied only to a 
particular case. Graetz (‘ Wied. Ann./ vol. 34, p. 25,1888), starting from Maxwell’s 
formula (‘ Phil. Mag./ (4), vol. 35, p. 129), nj = ET (in which E is the modulus of 
rigidity, and T is the time of relaxation, or the time which a stress excited in the 
fluid takes to fall to 1/e of its original value), shows that as a first approximation 

7)t= A (0 — t)j(t - t x ), 

in which 0 is the critical temperature of the substance expressed on the centigrade 
scale, and t l is an unknown temperature below the melting-point. A is a constant. 
In deducing the formula Graetz assumes that the viscosity of liquids is mainly due 
to molecular attractions, and that molecular impacts, which in the ease of gases are 
all important, play only a subordinate part in the case of liquids. It would follow 
from the formula that at the critical temperature rj is zero, and at t x is infinitely 
great. A and t x have, of course, to be determined experimentally for each liquid. 

On applying his formula to the results obtained by Rellstab and by Pribram and 
Handl, in which the temperature range did not exceed 60 °, Graetz found that in 
some fifty cases it was satisfactory. In the case of the fatty alcohols and ethyl ether 
the formula was inapplicable. That Graetz’s formula appeared to fail in the case of 
ether was no doubt due to the imperfect data by means of which he tested it. We 
find that the formula = '028838 (194'4 — t)j(t — 227*8) deduced from our observa¬ 
tions reproduces them with an average divergence of less than 0*3 per cent. For 
many of the other liquids, especially for water and the alcohols, the formula is 
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unsatisfactory. Graetz’s formula may be transformed into the preceding expression 
given by Slotte on putting A = 6, & = (C —• ab)/b, and — tj s= a. 

In a subsequent communication, Slotte (‘ Beibl.,’ vol. 16, p. 182, 1892) reviews 
the position of the question of viscosity as a function of the temperature, and 
concludes that none of the preceding formulas gives satisfactory results with liquids 
such as the oils where the viscosity alters rapidly with change in temperature. 

We had„ourselves ascertained that an expression of the type given by Poiseutlle, 
even when four constants were introduced, failed to reproduce the results for water 
within the limits of experimental error. 

Slotte finds, however, that an expression of the form 

Vi = Vol (! + &)" 

gives better results than any of the others. It differs from Poiseuille’s formula in 
containing in the denominator the general exponential terra (1 + fit)" instead of 
1 -j- at -J- fit". 

We have employed this last expression given by Slotte as being the most 
satisfactory of those at our disposal. 

The formula may be written in the shape 

V — c /(a + t) n . 

In order to determine the values of the constants, two values of rj, viz., and r] s , 
are chosen which correspond respectively with the temperatures £ x and £ 3 ; a third 
value of rj, viz., ij a , is then found from the equation, 

Vz — v 7 ViVs, 

and the temperature £ a corresponding with this value rj 3 is found graphically, a and 
n are then deduced from the equations, 

a — *L. ~ n — log^i -logy 8 _ 

t\ £3 “ log (a + £ g ) log (« + q) ’ 


In connection with each substance we give the data used in deducing the formula, 

C 

and the values of the constants for the expression r)i — A table is also given 

which contains the values of the constants when the formula is put into the shape 
Vt — 7i — "SS - The general applicability of Slotte’s formula as a means of expressing 

(i -f pty* 

v) as a function of the temperature is discussed at a later stage. 


Scheme of Work. 

With a view of testing the conclusions set out at length in the introduction to 
this paper, .and in particular of tracing the influence of homology, substitution, 
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isomerism, molecular complexity, and, generally speaking, of changes in the composi¬ 
tion and. constitution of chemical compounds upon viscosity, we drew up a scheme of 
work which has involved the determination in absolute measure of the viscosity of 
some seventy liquids at all temperatures between 0 ° (except in cases where the liquid 
solidified at that temperature) and their respective boiling-points. 

This list is as follows :— 

Water.H 3 0 . 

Bromine.Br 2 . 

Nitrogen peroxide.N 2 0 4 . 

Paraffins and Unsaturated Fatty Hydrocarbons. 


Pentane .... 
Isopentane . . . 

Hexane .... 
Isohexane . . . 

Heptane 

Isoheptane . 

Octane .... 
Trimethyl Ethylene 
Isoprene (Pentine) 
Diallyl (Hexine) . 

(/3-isoarnylene).... 

CH 3 .(CH 2 ) 3 .CH 3 . 

(CH 3 ) 2 CH.CH 2 .CH 3 . 

CH 3 .(CH 3 ) v CH 3 . 

(CH 3 ) 2 CH.(CH a ) 2 .OH 3 . 

CH 3 .(CH 2 ) 5 .C1I 3 . 

(CH 3 ) a CH.(OH 2 ) 3 .CH 3 . 

CH 3 .(CH 2 ) b .CH 3 . 

(CH 3 ).,C :'CH.CH 3 . 
c 5 H 8 . 

CH 2 :CH.(CH 2 ) 2 .CH:CH 2 . 


Iodides. 


Methyl iodide . 
Ethyl iodide . . 

Propyl iodide . . 

Isopropyl iodide . 
Isobutyl iodide 

Allyl iodide . . 


OHJ. 

CH 3 .CI 1 2 I. 

ch 3 .oh 3 .ch 2 i. 

(CH s ) a CHr. 

(OH 3 ) 2 CH.CHoL 

CH 2 :CH.CH 2 1. 


Bromides. 


Ethyl bromide.. 

Propyl bromide. 

Isopropyl bromide. 

Isobutyl bromide.. 

Allyl bromide. 

Ethylene bromide.. 

Propylene bromide. 

Isobutylene bromide ........ 

Acetylene bromide .. . . 

CH 3 .CH 3 Br. 

CH 3 .CH 3 .CH 2 Br. 

(CH 3 ) 2 CHBr. 

(CH 3 ) 3 CH.CH 3 Br. 

CH 2 :CH.CH 3 Br. 

CH 3 Br.CH a Br. 

OH 8 .OHBr.CH 2 Br 

(CH 3 ) 3 CBr. CH 2 Br. 

CHBr:CHBr. 


NDCOCXOIV. —A. 3 L 
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Chlorides. 

Propyl chloride.CH 3 .CH 2 .CH a CI. 

Isopropyl chloride.(CH 3 ) 2 CHC1. 

Isobutyl chloride.(CH 3 ) 2 CH.CH 2 C1. 

Allyl chloride.CH 2 :C0.CH 2 C1. 

Methylene chloride (Diclilormethane) . . . CHjjCLj. 

Ethylene chloride.CH a Cl.CH a Cl. 

Ethylidene chloride.CH 3 .CHCJ 3 . 

Chloroform (Trichlormethane).CHC1 3 . 

Carbon tetrachloride (Tetrachlormethane) . CCl t . 

Carbon dichloride (Tetrachlorethylene) . . CC1 3 :CC1 2 . 

Sulphur Compounds. 

Carbon bisulphide.CS 3 . 

Methyl sulphide.(CH 3 ) 2 S. 

Ethyl sulphide.(CH 3 .CH 2 ) 2 S. 

Thiophen.CH.CH.S.CH.CH. 

i_i 

Acetaldehyde and Ketones. 

Acetaldehyde.CHg.COH. 

Dimethyl ketone.CH 8 .CO.CH 8 . 

Methyl ethyl ketone.CH 8 .CH 2 .CO.CH 3 . 

Diethyl ketone.CH 3 .CH 2 .CO.CH 2 .CH 3 . 

Methyl propyl ketone.CH 8 .(CH 2 ) 2 .CO.CH 8 . 

Acids. 

Formic acid.H.COOH. 

Acetic acid.. CH s .COOH. 

Propionic acid.CH 8 .CH 2 .COOH. 

Butyric acid.. CH 3 .(CH 2 ) 2 .COOH. 

Isobutyric acid.(CH 3 ) 2 CH.COOH. 

Oxides {Anhydrides). 

Acetic anhydride (Acetyl oxide).(CH 3 .C0) 2 0. 

Propionic anhydride (Propionyl oxide) . . (CHg.CILj.COJjO. 

Ethyl ether.CH 8 . CH a . O. CHg. CH 3 . 
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Aromatic Hydrocarbons. 


Benzene. 

Toluene (Methyl benzene) 
Ethyl benzene.... 
Ortho-xylene .... 
Meta-xylene .... 
Para-xylene .... 


C 6 H 0 . 

C 8 H 5 .CH s . 

C e H 6 .C,H 6 . 

C«H 4 (CH 3 ) 3 (l: 2 ). 

C b H 4 (CH 3 ) 2 (1:3). 

C 0 H 4 (CH 3 ) 2 (I:4). 


Alcohols. 

Methyl alcohol. 

Ethyl alehohol. 

Propyl alcohol. 

Isopropyl alcohol. 

Butyl alcohol. 

Isobutyl alcohol. 

Trimethyl carbinol. 

Amyl alcohol (active). 

Amyl alcohol (inactive). 

Dimethyl ethyl carbinol. 

Allyl alcohol. 


CH 3 OH. 

CH 3 .CH 2 OH. 

ch s .ch 2 .ch 3 oh. 

(CH 3 ) 4 CHOH. 

CH 3 .(CH 2 ) 2 .CH 2 OH. 

(CH 3 ) 2 CH.CH 2 OH. 

(CH 3 ) 3 COH. 

CH 3 .CH 2 .CH(CH 3 ).<-IT 2 OH. 

(CH 3 ) 2 CH.CH 2 .CH 2 OH. 

(CH 8 ) 2 C(OH).CH 2 .CB 3 . 

CH 3 :CH.CH 2 OH. 


Of course such a list might be greatly extended, and might be made to comprise 
other well-defined groups of correlated substances. It must, however, be remembered 
that we are limited in our selection by the difficulty of obtaining many substances in 
a state of sufficient purity to warrant the expenditure of the labour necessary to 
determine their viscosity. Moreover, we were desirous that the upper limit of 
temperature in our observations should not exceed that which could be conveniently 
ascertained in a glycerin bath : hence the boiling-point should not be higher than 
160° or 170°. 


PART II.—RESULTS OBTAINED. 

Water. 

The viscosity of water has been frequently measured; indeed, no other liquid has 
been made the subject of so many determinations of this property. As the measure¬ 
ments hitherto published extend, for the most part, over a comparatively limited range 
of temperature, we have considered it desirable to make an additional series of observa¬ 
tions from about 0 ° up to the ordinary boiling-point, partly to gain more information , 
as to the effect of temperature in altering the viscosity of water, and partly to 

3 L 2 
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test the validity of our experimental method as well as the accuracy with which the 
constants of the apparatus had been determined. 

The sample of water used was distilled just before its introduction into the glis- 
chroroeter from a quantity which had been repeatedly distilled in order to free it 
from dust. Special pains were taken in the final distillation to obtain a sufficient 
quantity of air-free as well as dust-free liquid. 

The details of the observation are stated below. On the left-hand side of the table 
are given the results obtained from observations made in the left limb of the glischro- 
meter, i.e., when the liquid was flowing from the left limb to the right limb. On the 
right-hand side are the corresponding results of observations in the right limb. In 
the first column is given the mean corrected temperature at which the observation 
was made ; in the second is the mean effective pressure in grins, per square centim.; 
under Corr. is given the value in dynes of the correction for the kinetic energy of the 
liquid flowing through the capillary. Under 77 , in the last column, is given in dynes 
per square centim. the value of the viscosity-coefficient after all corrections have 
been applied. 

In calculating the results, the values used for the density and expansion of water 
have been taken from the mean results of different observers given in Rosetti’s tables 
(‘Annales de Chimie et de Phys.’ (4), 17 , 370). ' 


Viscosity of Water between 0 ° and 100 °. 



Left limb. 


Right limb. 

Temp. 

PreRS. 

Corr. 

V 

Temp. 

Pro s«. 

Corr. 

V 

5-47 

128-64 

•0000237 

•014929 

5-44 

128-54 

•0000237 

•014949 

13-52 

128*65 

•0000300 

■011814 

13-54 

128-54 

•0000300 

•011801 

22-04 

128-64 

•0000370 

•009544 

22-00 

128-56 

•0000370 

009556 

30-72 

128-48 

•0000447 

•007859 

30-73 

128-40 

•0000447 

•007861 

39-29 

128-39 

•0000527 

•006627 

39 35 

128-31 

•0000527 

•006618 

47-03 

128-70 

•0000G05 

•005761 

47-03 

128-61 

■0000605 

■005760 

55-53 

128-67 

■0000690 

-005010 

55-54 

128-55 

•0000690 

•005010 

63-98 

128-73 

•0000777 

•004416 

64-05 

128-64 

•0000777 

•004412 

72-57 

128-73 

•0000870 

•003909 | 

72-51 

128-67 

•0000870 

•003921 

80-74 

128-81 

-0000950 

•003522 I 

80-76 

128-73 

•0000956 

•003526 

89-87 

128-85 

•0001052 

•003164 | 

89-94 

128-75 

•0001052 

•008167 

98-12 

128-90 

•0001144 

002879 i 

98-06 

128-82 ! 

•0001144 

•002899 

99-97 

128-90 

| -0001150 

•002859 | 

91-51 

128-79 

•0001150 

•002845 


The results of these observations are graphically represented in Plate 8 ; viscosity 
coefficients X 10“ being taken as ordinates and temperatures as abscissae. 

By taking 

= 0‘14939 173 = *002889 173 (calculated) = *006569 

f, = 5°*45 t 3 = 98°*09 #2 (from curve) = 39°*72, 
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we obtain the formula 

5-9849 

17 “ (43-252 + t) Vim * 

The agreement between the Observed and Calculated values is seen in the followirg 
Table- 



7* 


lYi(Jail temp, 

Observod (mean). 

Calculated. 

umerence. 

' 

0 

5*45 

•01494 

•01494 

•00000 

13-53 

•01181 

•01179 

- -00002 ! 

22-02 

•00955 

•00951 

- -00004 

30-72 

•00786 

•00784 

- -00002 

39-32 

•00062 

•00662 

•00000 

4703 

•00576 

•00577 

+ -00001 

55-53 

•00501 

•00502 

4- -00001 

0401 

•004415 

•00442 

+ -000005 

72-54 

•003915 

•00393 

+ -000015 

80-75 

•003525 

•003535 

+ -ooooi 

89-90 

•003165 

■003165 

•00000 j 

98-09 

•00289 

•00289 

•00000 

100-00 

•00283 

•00283 

•00000 ; 


Moritz (‘ Pogg. Ann.,’ 70,1847) from observations made by the method of Coulomb 
(oscillating disc), inferred that water had a maximum viscosity in the neighbourhood 
of 4°. Other observers, and more especially Poiseuille and Sprung, using the tube 
method, were unable to detect ony peculiarity in the rate of change of viscosity at 
temperatures at about the point of maximum density. 

We have made a special series of observations to test this question, the results of 
which are seen in the following table :— 



Temp. 

Press. 

Corr, 

. 

113 

130-16 

•000021 

2-41 

130-26 

•000022 

4-47 

129935 

•000023 

5-94 

1 129-95 

•000024 

7-41 

120-98 

•000026 


Temp. 

Press. 

Corr. 

7* 

0°37 

13001 

•000020 

•017570 

1-86 

130-04 

•0000215 

•016701 

309 

130-10 

•000022 

, •016079 

3-84 

129-83 

•000023 

•015678 

519 

129-82 

•000024 J 

•015005 

6-67 

129-845 

•000025 I 

•014331 

8-01 

129-87 

•000026 j 

•013766 








446 MESSRS- T. E. THORPE AND J. W. RODGER ON THE RELATIONS 

The results of the viscosity observations between 0° and 8°, by taking 

t x - 0°*37 < 3 = 7°*41 t % = 3°*79 

17 ! as -017570 i? 8 as *014006 i? 9 = *015687, 

may be represented by the formula 

58-7375 

V ~~ (58*112 + t) vmi ’ 


which gives results in fair accord with the observed values. 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

o 

037 

•01757 

•01757 

•ooooo 

113 

’01710 

•01712 

4* *00002 

1*86 

•01670 

•01671 

4- *00001 

2*41 

*01640 

•01641 

4- ’00001 

3*09 

•01608 

•01605 

- -00003 

3*84 

•01568 

•01566 

- -00002 

4*47 

*01535 

•01535 

•ooooo 

519 

•01500 

•01500 

•ooooo 

5*94 

•01464 

•01465 

4- *00001 

6*67 

•01433 

•01433 

•ooooo 

7*41 

*01401 

•01401 

•ooooo 

801 

•01377 

•01375 

- ‘00002 


The curve representing the change in viscosity was originally plotted on as large a 
scale as was consistent with the accuracy of the observations, but no indication was 
given by this curve that any anomalous change occurred in the viscosity at 
temperatures between 0 ° and 8 °. It must be borne in mind, however, that the 
anomalous change in the density of water amounts only to about 1 part in 10,000 ; 
hence, since the accuracy attained in these special observations of viscosity probably 
does not exceed 1 in 5,000, it may be doubted whether any anomalous change in 
viscosity of the same order of magnitude as that observed in the case of the density 
would be detected by any of our present experimental methods. 

Measurements of the viscosity of water by the tube method have been made 
by the following observers:— 

Poi8iiun,LE .‘ Mem. des Sav. Strang.,' 9, 433 (1846). 

Graham .‘Phil. Trans./ 151, 373 (1861). 

IIellstab .‘Inaug. Dies. Bonn.’ (1868). 

Sprung ...‘Pogg. Ann.’ 159, 1 (1876). 

Rosenoranz (comm, by O. E. Meter) . 4 Wied. Ann./ 2 , 387 (1877). 

Grotrian .‘Wied. Ann./ 8 , 536^1879). 











BETWEEN THE VISCOSITY OF LIQUIDS AND THEIR CHEMICAL NATURE. 447 


Stephan .‘ Wied. Ann./ 17, 680 (1882). 

WAGNER .‘Wied. Ann./ 18, 259 (1883). 

Slotte .‘ Wied. Ann./ 20, 262 ( 1883 ). 

K6 nig .‘Wied. Ann./ 25, 620 (1885). 

Traube .‘ Ber./ 19, 871 (1886). 

Noack .‘Wied. Ann./ 28, 666 (1886). 


In order to compare our results with those of our predecessors, we have made a 
careful critical examination of certain of these memoirs, and more particularly of 
those in which the observations extend over a moderate range of temperature, which 
are expressed in absolute measure, and which, so far as can be judged, were made 
with sufficient care. In all cases where the values are given in gravitation measure 
they have been reduced to dynes, and when a correction for kinetic energy is 
necessary, the more accurate values deduced from the expression of Couette and 
Finkener have been substituted for those obtained by the formula of Hagenbach. 

Poiseotlle. —The observations made by Poiseuille in 1846 are still regarded as 
the standard data from which the coefficients of viscosity of water for the temperature 
range over which the experiments extended, viz., from 0° to 45°, may be deduced. 
Poiseuille found the number of milligrams of water which could be driven through 
tubes of different dimensions under definite conditions of temperature and pressure. 
From four sets of observations in tubes of different diameters, O. E. Meyer (‘ Wied. 
Ann./ 2, 387) has calculated the values of the viscosity-coefficients at the different 
temperatures of observation, and, by graphical interpolation, has found from each set 
the values at the same temperature 5° apart. The numbers obtained for the different 
sets are in close agreement, and from these the mean values of the coefficients are 
calculated. 

On plotting these mean values as ordinates against temperatures as abscissas on the 
same sheet as that containing the curve for our observations, the agreement between 
the two series is seen to be remarkably close. Poiseuille’s observation at 0°'6 lies 
exactly on our curve, that at 0 o, 5, which is not quite concordant with that at 0 o, 6, is 
somewhat larger than our observation at that temperature. From 5° to 30° the 
observations lie slightly to the right of our curve ; from 30° to 40° they are coincident 
with it, and the observation at 4 5° lies slightly to the left. In no single case does the 
difference between our observations and those of Poiseuille at the same temperature 
exceed 1 per cent. Comparing observations at intervals 5° apart at temperatures 
between 0° and 45°, the mean difference between our observations and those of 
Poiseuille is less than 0*4 per cent., Poiseuille’s values being, on the average, 
greater by this amount. 

We have examined the values of the coefficients, as calculated by Meyer, from 
Poiseuxlle’s observations, in order to ascertain if they lend any support to the 
correction for friction-effects outside the tube, as given by Couette. The coefficients 
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determined -with one pair of tubes should be on the average about 0*2 per cent, 
greater than those determined by the other pair if the correction were operative. 
No such difference is apparent; hence the value of the correction probably falls 
within the limits of the experimental error. 

Sprung ( loc . cit.) gives a series of values for water extending from 0° to 50° which 
are expressed in gravitation measure. On introducing the necessary corrections to 
reduce these values to dynes, we find that from 0° to 15° they are practically identical 
with ours; from 20° to 50° they are slightly larger, the deviation increasing as the 
temperature rises, until at 50° it is about 0'9 per cent. At 40° and 45° our curve 
passes between those of Sprung and Poiseuille. The Couette correction would 
diminish Sprung’s results by about 0'46 per cent. 

Rosencranz ( loc. cit.) made a series cf observations on water, at temperatures 
between 40° and 90°, with a view of supplementing Poiseuille’s observations 
between 0° and 45°. On plotting Rosencranz’s values it is at once seen that 
individual results differ widely from the values deduced from a mean curve. At the 
higher temperatures, the mean values are also considerably higher than those obtained 
by Slotte (v. infra ) and ourselves at these temperatures. Rosencranz’s value at 
42°9 is identical with ours at that temperature, but at 80° his result differs by some 10 
per cent, from that of Slotte and ourselves. The discrepancy between Rosencranz’s 
values and those of later observers is to be ascribed to the imperfections of his 
experimental method. There can be little doubt, from the construction of his 
apparatus, that he failed to ascertain the real temperature of the water flowing 
through the capillary tube. 

Slotte (loc. cit.) is the only observer who has hitherto attempted to determine the 
viscosity of water at all temperatures between its ordinary freezing and boiling-points. 
His results are expressed in dynes, and we have modified them by substituting the 
Couette-Finkener values of the kinetic energy correction for those of Hagenbach. 
This makes a difference of about 1 per cent, in the value of rj at the higher tempera¬ 
tures. At 0°’2, Slotte’s value for tj differs by about 1*5 per cent, from ours; at 
higher temperatures, his numbers are about 07 per cent greater. The application of 
the correction for friction effects outside the tube would diminish his values to the 
extent of about 0'4 per cent., i.e,, make them about O'S per cent, greater than our own. 

Traube (loc. cit.) gives two sets of values for ij, determined with two different 
tubes, at temperatures between 0° and 60°. At the same temperature, the observa¬ 
tions of the one series agree to within 1 per cent, with those of the other. Traube 
compares his numbers with those of Poiseuille (as given by Hagenbach), Sprung, 
and Slotte. From this comparison Traube’s values appear to be larger than 
Slotte’s by amounts varying between 2 and 3 per cent., but agree more closely with 
those of the other observers. This agreement, however, is not real, since Poiseuille 
and Sprung’s values are expressed in gravitation measure. As a matter of fact, when 
the results of all the observers are expressed in dynes, Traube’s numbers differ more 
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widely from the values afforded by Poiseuille and Sprung’s observations than they 
do from those of Slotte. The introduction of the Couette-Finkener correction 
reduces Traube's coefficients at the higher temperatures by about 1 per cent. On 
Mfa paring these corrected values, which vary irregularly with the temperature, with 
our own, they are found to be uniformly greater to the extent of from 1 4 5 to 4'2 per 
cent. These differences cannot be attributed to friction outside the tube ; the effect 
of this would diminish the values by about 0’8 per cent. 

The following table, showing the viscosity of water in dynes at every 5° between 0° 
and 100°, is based upon the observations of Poiseuille, Sprung, Slotte, and ourselves. 
The values due to Poiseuille are those calculated by Oscar Meyer, with the 
exception of that at 0°, which has been obtained by graphical extrapolation. 
Sprung’s values are those given in his paper, with the substitution of the Couette-' 
Finkener correction for that of Hagenbach ; Slotte’s numbers have been corrected in 
like manner, and the values for every 5° obtained graphically. The values given by 
ourselves have been obtained in the same way. 


Table showing the Viscosity of Water in Dynes per square centim. between 

0 ° and 100°. 


Temperature. 

POiSKUlLLE. 

Sprung. 

Slotte. 

Thorpe and Rodger. 

o 

0 

•01776* 

•01778 

•01808 

•01778t 

5 

01515 

•01510 

•01524 

•015095+ 

10 

•01309 

01301 

•01314 

•013025 

15 

*01146 

•01135 

01144 

011335 

20 

•01008 

•01003 

•01008 

•010015 

25 

•00897 

*00896 

•00896 

•00891 

30 

•00803 

•00802 

•00803 

•007975 

35 

•00721 

■00723 

•00724 

•00720 

40 

*00653 

*00657 

•00657 

•006535 

45 

•00595 

•00602 

•00602 

•00597 

50 


•00553 

•00553 

*005475 

55 



*00510 

•005055 

60 



•00472 

i *00468 

65 



•00438 

•004355 

70 



•00408 

*00406 

75 



•00382 

•003795 

80 



•00358 

•00356 

85 



•00337 

•00335 

90 



•00318 

003155 

95 



•00301 

•002985 

100 



•00285 

•00283 


* The observation at 0°'G was used in extrapolating this value. Poiseuille gives in addition a result 
at 0"’5, but as it is considerably greater than it ought to bo, having regard to the curve drawn through 
the other observations, it has been neglected. 

f These values are taken from the onrve connecting the special series of observations made on water 
between the temperatures of 0° and 8°. 

MDOCCXCIV.—A. 3 M 
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Bromine. 

About 600 grins, of “ pure ” bromine were repeatedly shaken with pure oil of 
vitriol during four days. It was then separated from the acid and distilled in a 
reflux condenser, made entirely of glass, with pure potassium bromide, for eleven 
days. The product was next distilled into a bottle and treated with phosphoric oxide 
for four days. On siphoning off the bromine from the phosphoric oxide it was found 
to boil absolutely constantly at 58 0, 81. Bar. 756'3 millims. Corrected and reduced 
b.p. ss 58°-91. 

The observations for viscosity gave :— 


Left limb. 

Right limb. 




V- 

Temp. 

Press. 

Corr. 

V- 

0*55 

130 20 

*000094 

*012433 

o 

0*58 

129*78 

*000094 

*012461 

5*38 

129*94 

*000099 

*011710 

5*25 

129*65 

*000099 

*011754 

10*40 

129*93 

*000105 

**011027 

10*44 

129*59 

•000105 

*011047 

16*18 

129*93 

*000111 

•010347 

16*14 

129 57 

*000111 

*010362 

21*09 

129*94 

*000116 

*009822 

21*05 

129*60 

*000116 

*009838 

25*98 

129*92 

*000121 

•009332 

26*00 

129*57 

*000121 

•009346 

31*18 

129*33 

*000126 

•008880 

81*22 

128*99 

*000126 

•008884 

35*81 

129*40 

*000131 

•008483 

35*92 

129*04 

*000131 

008486 

40*95 

129*44 

*000136 

•008084 

40*92 

12911 

*000136 

*008107 

46*19 

130*33 

*000143 

*007715 

46*20 

130*00 

•000143 

*007723 

50*30 

130*31 

*000148 

007431 

! 50*27 

130*02 i 

000147 

•007442 

56*44 

130*32 

*000154 

*007049 

56*38 

129*99 

*000154 

*007065 


In reducing the observations we have employed the value d ( 0 °/ 4 °) = 3*18828 for 
the density, and the expression 

V = 1 + 0‘0 a l06218£ + 0*0 fi 1877l4< 2 - 0*0 8 3085t 3 


for the thermal expansion. (Thorpe, ‘Chem. Soc. Trans.,’ 1880, 172.) 

By taking 

Vl = *012447 t) 3 = *007057 % (calculated) = *009372 

t x =s 0°*56 < 3 = 56°*41 t a (from curve) = 25°*68, 

we obtain the formula 

9*6002 

V/ ~~ (111*92 + t) V4 °n ’ 

by means of which the calculated values in the following table are obtained :■ 
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Mean tomp. 

V • 

Difference. 

Observed (mean). 

Calculated. 

056 

*01245 

•01245 

•00000 

531 

*01173 

01177 

+ -00004 

1045 

•01104 

*01105 

+ *00001 

1616 

*01035 

•01037 

+ -00002 

2107 

•00983 

•00983 

•ooooo 

26-99 

•00984 

•00934 

•00000 

31-20 

•00888 

•00887 

- *00001 

36-86 

*00848 

•00848 

•ooooo 

40-93 

*00809 

•00808 

- 00001 

4619 

•00772 

■00771 

- ’00001 

60-28 

00744 

•00744 

•ooooo 

66-41 

•00700 

•00706 

•ooooo 


Nitrogen Peroxide. N 8 0 4 . 


A quantity of this substance, prepared by heating carefully dried lead nitrate, 
was distilled, after having been frozen in a mixture of calcium chloride and ice. It 
boiled between 21°'53 and 23 0, 43. Bar. 7637 millims. Corrected and reduced 
b.p. = 21°-97. 

Observations on its viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Con*. 

* 

070 

10014 

*000078 

•005214 

0-75 

99-97 

•000078 

•005227 

507 

10017 

*000081 

*004947 

511 

100-02 

000081 

•004960 

914 

10015 

•000085 

•004718 

9*16 

99*99 

■000086 

*004722 

11*88 

10014 

*000087 

•004573 

11-86 

100-00 

•000087 

*004583 

15*33 

100*13 

•000090 

•004395 

1539 

99 99 

•000090 

•004408 


The attempt was made to extend the readings up to within a degree or so from 
the boiling-point of the substance. The vapour of the nitrogen peroxide, however, 
acted so rapidly upon the caoutchouc connections at the higher temperatures that 
further observation was rendered impossible. 

In reducing the observations we have employed the value d (0°/4°) = 1‘4903 for 
the density, and the expression 

,Y«s 1 + 0’0 8 1591« - 0-0 4 397015* 8 + 0'0 a 2l53J 8 

for the thermal expansion (Thorpe, loc. cit, p. 225). 

3 M 2 
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Taking 


Vl = *005220 

t? 3 = *004401 % (calculated) = *004793 

t y = 0°‘72 

< 3 = 15°’36 t 2 (from curve) = 7°*86, 

we obtain 

28-155 


7,1 ~ (140-89 + 0 17M ®' 


which gives results in good agreement with those obtained by observation. 


Mean temp. 


Difference. 

Observed (mean). 

. 

Calculated. 

0*72 

•005220 

•005220 

*000000 

5*09 

*004954 

*004952 

—*000002 

915 

•004720 

•004722 

4* *000002 

11*87 

•004578 

•004577 

-000001 

15*35 

•004401 

•004401 

1 

•000000 


Hydrocarbons. 

Pentane. CH 3 .(CH 2 ) 8 jCH 8 . 

The specimen of normal pentane used by us was supplied by the late Professor 
Schorlemmer. Ke-distilled from sodium wire, it boiled between 36° and 38°. Bar. 
765 5 millims. Corrected and reduced b.p. = 36 0, 3. 

The observations for viscosity were as follows :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

V- 

0-77 

99-80 

•000064 

*002802 

0°7l 

99-73 

•000064 

•002808 

7-46 

9979 

•000068 

•002617 

7-48 

9972 

•000068 

•002623 

1813 

99*78 

•000071 

•002480 

1320 

99*73 

*000071 

■002482 

18.89 

99-76 

•000074 

•002352 

18-98 

99 69 

*000074 

•002351 

26‘40 

99-71 

•000078 

•002188 

26*21 

99*68 

•000078 

•002195 

30-38 

9973 

•000080 

•002111 

30-44 

99-89 | 

•000080 

•002110 

32-65 

9969 

•000081 

'002072 

3267 

9962 

*000081 

•002069 


P jerkin's value for the relative density, d (15°/15°) = 0*63373 (‘Chem, Soc. Trans,/ 
1884), and the expression 

V = 1 + *0 2 14646< + -0 5 809319«* + *0 7 16084< 8 
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for the thermal expansion (Thorpe and L. M. Jones, * Chem. Soc. Trans.,' 1893, 
p. 278), were used in the reduction of the observations. 

Taking 

Vi = *002805 y) s — *002070 % (calculated) =s *002410 

= 0 o, 74 5 = 32°*66 (from curve) = 16 °* 00 , 

wo obtain 

19*469 

Vt ~ (165*69 + t) V7m ’ 

which gives results in very close agreement with the observed values. 


Mean temp. 

V■ 

Difference. 

Observed (mean). 

Calculated. 

0*74 

•002805 

•002805 

*000000 

7*47 

*002620 

•002619 

-•000001 

18*16 

*002481 

•002476 

-000005 

18*91 

*002351 

*002344 

j - *000007 

26*30 

•002192 

*002191 

-•000001 

80*41 

•002110 

•002111 

+ •000001 

32*66 

•002070 

•002070 

•oooooo 


Isopentane (Dimethyl-Ethyl-Methane). (CH 3 ) 2 CH.CH 2 .CH 8 . 

Obtained from Professor Schorlemmer. On distillation from sodium wire it boiled 
between 29° and 32°. Bar. 763*4 millims. Corrected and reduced b.p. = 30°*4. 
Dr. Perkin, who examined the magnetic rotation of the same sample, found the 
same boiling-point. 

The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V • 

Temp. 

Press. 

Corr. 

V ‘ 

0-69 

100*05 

•000066 

•002704 



•000066 

•002702 

6-41 

100*02 

*000069 

•002546 


99*95 

•000069 

•002549 

11*89 

100*01 

*000072 

*002407 

11*94 

99-95 

•000072 

•002408 

15-80 

100*00 

•000074 

*002323 

1585 

99-95 

•000074 

*002321 

M 

99*99 

•000077 

•002209 


99-95 

000077 

•002215 

24-20 

99*96 

*000079 

•002143 

24*34 

99*89 

*000079 

*002145 

26-38 

®9;98 

•ooooso 

•002101 

26*44 

9990 

*000080 



In reducing the observations, Perkin’s value for the relative density, 
. : d ( 15715 °) * 0 * 62479 , 
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and the expression 

Vasl + 0* a 14683< + -0 5 609626<* -f -0*6979*® 


(Thorpe and L. M. Jones, loc. cit.) for the thermal expansion have been used. 
By taking 

Vl — -002703 t? 3 = -002102 ^ (calculated) = <002384 

= 0 o, 71 t s — 26 0, 38 t 2 (from curve) = 12°'92, 


we obtain 


1-2903 

V ‘ ~ (118-56 + 0 1 ' 2901 ’ 


which gives values in very close .agreement with those obtained by observation. 


Mean temp. 

'/• 

Difference. 

Observed (mean). 

Calculated. 

0*71 

•002703 

*002703 

*000000 

6*40 

*002547 

*002545 

- *000002 

11*91 

•002407 

*002407 

*000000 

15*82 

•002322 

•002317 

- *000005 

21*03 

•002212 

•002207 

- *000005 

24*27 

•002144 

•002142 

- *000002 

26*38 

•002102 

•002102 

*000000 


Hexane. CH a .(CH 2 ) 4 .CH 3 . 


Obtained by Schorlemmer by the action of zinc and dilute hydroohloric acid on 
secondary hexyl iodide from mannite ; it boiled at 71°‘5 (‘ Phil. Trans./ 1872, p. 111). 
Observations with the glischrometer gave :— 


Left limb. 

Eight limb. 

Temp. 

. 

Press. 

Corr. 

V' 

Temp. 

Press, 

Corr. 

* 

0-83 

9995 

*000048 

*003926 

0*77 

99-89 

•000048 

•003988 

911 

100*03 

•000052 

•003578 

9-19 

99-95 

•000052 

•003584 

14-72 

10010 

•000055 

•003379 

1478 

99-98 

•000055 

•003877 

19-99 

10018 

•000058 

*003201 

1997 

10011 

•000058 

008203 

25-40 

100*29 

•000060 

•003084 

26-39 

100-25 

•000060 

•003030 

80-20 

10035 

•000063 

•002899 

30-27 

100-28 

•000068 

•002890 

36-76 

100-39 

•000066 

•002718 

36-76 

100-32 

•000006 

•002726 

43-48 

99-98 > 

•000069 

•002560 

43-46 

99-90 

•000069 

•002553 

47-42 

99-97 

•000071 

•002468 

47-43 

99-90 

•000071 

•002472 

5290 

100-03 

•000074 

, -002349 

52-89 

99-97 

•000074 

•002353 

5878 

10006 

•000077 ‘ 

•002230 

58-74 

IQOOO 

*000077 

*002282 

63-64 

100-10 I 

! 

•000079 

•002144 

63-54 

100-08 

•000079 

' ' 0( ®“ 
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Zander’s value (Annalem, 214, 165) d (0°/0 o ) = 0-6753 and his expression 
V = 1 + -0 2 12665* 4- '0 5 17113<+ *0 7 12315$ s 

for the thermal expansion have been used in the reduction of the observations. 
Taking 

ij 1 = -003931 ij 3 = -002143 (calculated) =; '002902 


0 *80 


we obtain 


Vi 


63 0, 59 (from curve) = *29°-96, 

276-01 


(189-42 + <) 3 ' 18M * 

which gives the following values as compared with those obtained by observation 


Mean temp. 

7- 

Difference. 

Observed (mean). 

Calculated. 

<>80 

*003931 

•003930 

- *000001 ! 

9-15 

•003581 

*003587 

+ *000006 

14*75 

•003378 

*003381 

4- *000003 

19-98 

*003202 

*003204 

-f *000002 

25-39 

•003035 

*003034 

- *000001 

30*23 

-002894 

*002893 

- *000001 

36*76 

•002722 

*002719 

- *000003 

48-47 

002557 

•002556 

- *000001 

47*42 

•002470 

•002466 

- *000004 

52*90 

-002351 

*002349 

- *000002 

58*76 

•002231 

*002232 

4- ‘000001 

63*59 

•002143 

*002143 

*000000 


Isohexane (Dimethyl-propyl-methane). (CH 3 ) 2 CH.(CH 2 ) 2 .CH ; 


Obtained from Professor Schorlemmkr, who found its boiling-point to be 62°-0. 
Observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp, 

Press. 

Corr. 

*1‘ 

Temp. 

Press. 

Can*. 


0-48 

100-08 

BUM 

-003692 

0-75 

10002 

•000052 

*003684 

656 

100-09 



5-58 

100 00 

•000054 

•003487 

10-22 

100*02 


■Sn 

10-28 

99 99 

•000056 

•003318 

15-21 

99-98 


•003147 

15-31 

99-94 

000059 

•003146 

20-51 

99-92 

•000061 

•002985 

20*52 

99*91 

•000061 

•002988 

25-48 

99-95 

•000064 

•002841 

2543 

99-87 

000064 

002841 

3188 

99-99 



31-98 

99-91 

•000067 

•002667 

86-64 

99-96 

■mpi 


36-62 

99-92 

000070 

•002550 

41-07 

98-96 

*000072 


41-08 

99-93 

•000072 

•002451 

45-38 


B55mI 


45-39 

99-87 

•000074 

•002356 

51-14 

99*46 

•000077 


51-20 

99-40 

•000077 

-002237 

65-43 

. " 99-41 

•000079 

.. 

•002153 

55-43 

99-87 

•000079 

•002150 
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In reducing the observations we have adopted d (15715°) = 0 6633 (which gives 
d (0°/4°) — 0*6766) (Perkin, 1 Chem. Soc. Trans./ 1884, 447) for the relative 
density, and the expression 

V = 1 + *0*137022* + •0 a 97649< 2 + *0 7 29819* 8 

(Thorpe and Jones, loc. cit.) for the thermal expansion. 

Taking 

ih as *003688 Va = 002151 ij 2 (calculated) = *002817 

= 0°*61. * 8 = 55°*43 < 2 (fromcurve) =s 26°*43, 

we get 

917-96 

^ ""(209-35+ <)*’** 87 ’ 


which gives values in close agreement with those obtained by observation:— 


Moan temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

0*61 

•003688 

•003688 

•000000 

5*59 

•003487 

•003493 

+ -000006 

10-25 

•003316 

•003323 

+ 000007 

15-26 

•003147 

003153 

+ -000006 

20-51 

•002987 

•002988 

+ -000001 

25-45 

*002841 

■002844 

+ -000003 

31-97 

•002670 

•002669 

-000001 

36-63 

•002550 

002553 

+ 000003 

41-07 

•002450 

•002449 

- 000001 

45-38 

002355 

002354 

-000001 

5117 

•002235 

•002234 

- *000001 

55-43 

002151 

•002151 

•000000 


Heptane. CH^CH^.CH* 


A specimen of pure normal heptane, from Pinus Sdbiniana, was distilled from sodium 
wire. It boiled at 98°*4 (corrected and reduced). 

Determination of vapour density :— 


I. it. 

Found ..... 50*11 50*19. 

Calp^lated .... 50*00 


Observations for viscosity gave : 
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Right limb. 



•004797' 

•004790 

•004418 

•004023 

•003690 

•003396 

•003112 

•002885 

•002719 

•002527 

•002372 

•002222 

002093 


Temp. 

Press, 

6-36 

128-36 

6-56 

128-33 

18*41 

128-29 

2174 

128-28 

30-24 

128-26 

3834 

12845 

47-26 

128-43 

54-99 

128-50 

62-04 

128-55 

70-14 

128-52 

77-71 

128T7 

85-51 

127-91 

9219 

i 

12749 




•000064 

000069 

•000074 

•000078 

•000082 

•000087 

•000091 

•000096 

000100 


004031 

003679 

003399 

003112 

002895 

002709- 

002526 

002372 

002214 

002100 


In the reduction of the observations the value for the density d (0 e /4°) = 070048, 
and the expression for the thermal expansion 

V = 1 + -0*121023* + -0 fi l 1133* 2 -f ’0 7 1174f 3 , 

already given by one of us (Thorpe, loc. cit.), have been employed. 

Taking 

ij! = -004797 i) 3 = -002096 ij* (calculated) = '003171 

t x ss 6 0, 43 t z = 92°-22 t 3 (from curve) = 45 0, 28, 

we obtain 

445-97 

Vl ~ (180-14 + tf ™ 9 ’ 

which gives numbers in good agreement with the observed values. 
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Isoheplane (Dimethyl-Butyl-Methane), (CH 3 ) 2 CH,(CH S ) 8 .CH 8 . 


Made for us by Mr. W. A. C. Rogers, Assoc. R.C.S., by WuRTz’sreaction. In its 
preparation pure inactive amyl alcohol was used; this was obtained by Pasteur's 
method of fractional crystallization of the barium salts of amyl-sulphuric acid. The 
alcohol was converted partly into bromide and partly into iodide, and these were 
purified by fractional distillation before treatment with ethyl iodide or bromide and 
sodium. The sodium, in thin slices, was gradually added to the mixed halogen 
compounds in a flask connected with a reflux condenser. The reaction was more 
vigorous in the case of the iodides than in that of the bromides. The contents of 
the flask were distilled over in an oil-bath and the distillate heated in sealed tubes 
witli sodium to decompose any unaltered halogen compounds. The product was 
further purified by Just’s method (‘Annalen,’ 220, 154) and finally fractionally 
distilled in order to separate the diamyl simultaneously formed in the reaction. It 
boiled between 90 o, 35 and 90°'75. Bar. 766 - 8 millims. Corrected and reduced 
b.p. = 90°'2. 

A determination of vapour density gave : Pound 49 - 47. Calculated 50*00. 

The observations for viscosity gave :— 


i 

J Left limb. 

Eight limb. 

! Temp. 

Press. 

Corr. 

>h 

Temp. 

Press, 

Corr. 


0*41 

103-45 

*000043 

•004743 

0°44 

103*39 

*000043 

*004744 

7*69 

103 33 

•000046 

004339 

7*71 

103-31 

*000046 

*004347 

15*92 

103-30 

■000050 

•003955 

15*85 

103*24 

•000050 

•003963 

24*66 

103-23 

*000054 

*003602 

24-61 

10318 

*000054 

•003613 

3232 

102-79 

•000058 

*003332 

3230 

102-74 

•000058 

003335 

40*06 

102-71 

*000062 

*003089 

40-05 

102-70 

•000062 

*003095 

49*03 

102 64 

•000066 

•002838 

49-00 

102*56 

•000066 

•002840 

56*47 

102-56 

•000070 

•002652 

56-45 

102*52 

•000069 

•002650 

63*91 

102-47 

■000073 

•002483 

63-93 ! 

102*42 

•000073 

•002485 

71*82 

102-42 

•000077 

■002314 

71*86 

102 35 

■000077 

*002319 

80*65 

102-26 

•000082 

•002146 

80-66 

102*21 

•000082 

•002158 

88*39 

102-21 

! -000086 

•002010 

88-43 

102*14 

-000086 

002015 


In reducing the observations we have used d (0 o /4 o ) = 0*6969 for the density, and 
the expression 

V 1 -f *0 3 12394£ + *0*119318 t s + *0 7 13058< 8 

for the thermal expansion (Thorpe, loc . cit .). 

Taking ^ = *004743 *002012 

< 4 *s 0°*42 t 3 = 88°*41 

we get 

362*79 

(180*47 + t) rim 


% (calculated) = *003089 
t s (from curve) =a 40°*07, 
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which give* numbers in fair agreement with the results of observation:— 


Mean temp. 

1 


Difference. 

Observed (mean). 

Calculated. 

0-42 

-004743 

•004743 

*000000 

770 

*004343 

•004355 

+ -000012 

15-88 

•003959 

•003972 

+ -000013 

24-68 

•003607 

*003615 

+ -000008 

32-81 

*003333 

•003338 

+ -000005 

40 05 

•003092 

•003090 

-•000002 

49 01 

*002839 

*002835 

- -000004 

56-46 

002651 

*002646 

- -000005 

63-92 

002484 

•002474 

- 000010 

71-84 

‘002316 

*002309 

- -000007 

80-66 

•002149 

•002144 

- -000005 

88-41 

•002012 

*002012 

•000000 


Octane. CH 3 .(CH 2 ) G .CH 3 . 


A sample of normal octane, prepared by Professor Schoelemmer from capryl alcohol, 
was digested over phosphoric anhydride and distilled from sodium wire, and the fraction 
boiling between 124 0, 57 and 124 0, 73, which was more than half the total amount, was 
collected separately and used for the observations. Bar. 7 47‘8 millims. Corrected 
and reduced b.p. = 125°-24. 

Determination of vapour density: 

Found, 56 - 54. Calculated, 57'00. 

The observations for viscosity gave :— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

*h 

0*23 

104-48 

•000030 

•007001 

0-28 

104-39 

*000030 

•006999 

1218 

104-52 

•000035 

•005944 

12-19 

104-44 

*000085 

*005944 

22-92 

104-58 

•000040 

•005198 

22*92 

104-53 

*000040 

•005200 

32-97 

104-64 

•000044 

•004623 

32*96 

104-56 

•000044 

*004630 

43-89 

104-73 

•000049 

•004108 

43-90 

10464 

•000049 

•004107 

34-72 

104-89 


•003673 

54-74 

104*82 

•000054 


66-47 

104-99 

•000059 

*003282 

66-46 

104-90 

•000059 

•003289 

77-83 

104-99 

•000065 

•002957 

77-82 

104 92 

•000065 

*002901 

KH 

108-76 

•000069 

•002694 

88-34 

103*69 

•000069 

•002697 

98*52 

10374 

•000074 

•002473 

98-52 

103-69 

•000074 

•002474 

10903 

103*70 

•000079 

■002270 

109-11 

103-71 

•000079 

•002272 

122*08 

10882 

•000086 

•002039 

122*07 

103-75 

*000086 

•002043 


3 N 2 
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In reducing the observations the value d (0°/4°) ~ 0*71883 for the density at 
0°, and the expression 

Y = 1 + *0 2 118 3 04* + *06186 6 48^ + *0 7 12947* 8 


for the thermal expansion (Thorpe, loc. cit.), have been employed. 

Taking 

■q l = -007000 us = '002041 us (calculated) s= *003780 

= 0°*25 * s = 122 o, 07 * 2 (from curve) = 51°*98, 

we obtain 


_ 171*2 

^ ““ (145-50 + tf m ’ 


which gives the following calculated values :— 


Mean temp. 

7* 

Difference. 

Observed (mean). 

Calculated. 

o 

0-25 

I 

•00700 

-00000 

1218 

•00594 

-00596 

+ -00002 

22 92 


•00522 

-f -00002 

82-90 


48WHB 

4* -00001 

. 48‘89 

•00411 

■ 

•00000 

54*73 


•00367 

•ooooo 

66*46 

•00328 

-00327 

- -ooool 

77-82 




88-33 

•00269 



98-52 




109-07 


•00226 


122-07 

■ 

■00204 



Trimethyl Ethylene (/3-Isoamylene). (CH 3 ) 2 C:CH.OH 8 . 

Prepared by Dr. Perkin from the iodide obtained from dimethyl ethyl carbinol. 
On distillation, it boiled between 35 0- 7 and 37°*9. Bar. 758*7 miliims. Corrected 
and reduced b.p. = 36° 4. 

Determination of vapour density: 

Found, 85 19. Calculated, 35*00. 

Observations for viscosity gavej 
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Left limb. 

Bight limb. 

Temp* 

Press. 

Corr. 

7* 

Temp. 

Press. 

Oorr. 

V- 

0*20 

] 03*44 

•000077 

•002527 

0°20 

103-39 

•000077 

•002531 

551 

108*50 

*000081 

•002404 

5*42 

10342 

•000080 

*002409 

10-21 

103-54 

*000083 

•002303 

10*21 

103*46 

*000083 

*002308 

15-82 

103-55 

•000087 

*002193 

15’82 

103-48 

•000087 

*002191 

20-00 

103-55 

•000089 

•002114 

20-05 

103-48 

•000089 

*002115 

25-71 

103-69 

•000092 

•002015 

25-79 

103-62 

•000092 

•002017 

30-68 

103-69 

•000095 

•001930 

3071 

103-60 

•000095 

*001932 

82-57 

103-72 

•000096 

•001904 

32-62 

10363 

000096 

' 

*001901 


In reducing the observations we have employed Perkin’s value d(15 0 /15°)=0*67037 ' 
for the relative density, and the expression 

Y as 1 + , 0 2 14587l£ + -0 B 338435« a -f -0 8 S M536# 

for the thermal expansion (Thorpe and Jones, loc. cit.). 

Taking 

r/ 1 = ’002529 ij 3 = ’001903 ij 2 (calculated) = *002194 

tj — 0°'20 t s — 32 0, 59 (from curve) = 15°’75, 

we obtain 

28 p 916 

Vi ~ (187-24 + t) V7m * 


which almost exactly reproduces the observed values :— 


Moan temp. 

V ■ 

Difference. 

Observed (mean). 

Calculated. 

020 

*002529 

■002529 

*000000 

5-46 

*002406 

*002407 

+ •000001 

10-21 

•002306 

*002305 

-•000001 

15-82 

•002192 

*002192 

•000000 

20-03 

•002114 

•002113 

-■000001 

25-75 

•002015 

•002013 

* --000002 

80-69 ’ 

•001931 

•001932 

+ •000001 

32-59 

•001903 

•001903 

•000000 


Isoprene (Pentine). C 6 H 8 . 

1 _ 1 4 

We are indebted to Dr. Tilden for a liberal supply of this hydrocarbon. It was 
obtained from turpentine. On distillation the greater part boiled between 35 0, 5 and 
37°‘0. ' '• ■/ 

, t7 

gave: 

Fptjadi 35*73 ; Calculated, 34*00. 
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As the hydrocarbon readily absorbs oxygen, which transforms it into a liquid of 
syrupy consistence and higher boiling-point, it was carefully redistilled in a current of 
dry carbon dioxide. The greater portion boiled regularly between 35°*88 and 36°*03. 
Bar. 758’5 millims. Corrected and reduced b.p. = 85°’76. 

The observations for viscosity gave :— 


Left limb. 

Bight limb. 

Temp. 

Press. 

Oorr. 

V ■ 

Temp. 

Press. 

Oorr. 

* 

0*36 

101*71 

•000075 

•002587 

0*34 

101*73 

•000075 

002591 

5*68 

101*37 

*000078 

*002456 

5*56 

101*40 

*000078 

•002462 

10*27 

101*24 

•000080 

•002359 

10*27 

101*18 

*000u80 

•002356 

15*31 

101*21 

•000084 

*002248 

15*35 

101*16 

•000083 

•002250 

20*40 

101*22 

*000087 

*002145 

20*42 

101*19 

•000087 

•002149 

25*27 

101*21 

*000089 

*002060 

25-24 

101.16 

•000089 

•002060 

28*95 

101*21 . 

*000092 

*001993 

28*94 

101*14 

•000091 

•001998 

32*02 

101*22 

*000093 

*001944 

32*03 

101*15 

•000093 

•001945 

29*93 

129*98 

*000117 

*001984 

29*94 

129*90 

•000117 

•001986 


As isoprene is one of the least viscous of the liquids examined by us, it presented 
an excellent means of determining whether different velocities of flow in our apparatus 
led to identical values for the viscosity. For if with this substance concordant values 
of rj were thus obtained, it would be indicated ( 1 ) that, even for the highest velocities 
we have employed, the character of the motion is still linear; and ( 2 ) that the mode 
of correcting for kinetic energy is valid. The observations made in the neighbour¬ 
hood of 30° under the different pressures of 101*22 and 129*94 centime, show that the 
values of v/ thus obtained are identical.* 

In reducing the observations of viscosity we have employed for the density at 0° 
the value 0*6912, and for the thermal expansion the expression 

V = 1 + *0 2 14603< + *0 6 9 9 7 9 3« a -f *0 7 56015< 3 

(Thorpe and Jones, loc. tit.). 

Taking 

Vi - *002589, 173 = *001944, (calculated) = *002244 

<i = 0°*35 = 32°*02 t 2 (from curve) = 15°*40, 

we obtain the formula 

_ 3*3891 

7)1 ~ (144*01 + f ) 1 * 138 * 

which gives results in very good agreement with the observed values. 

* This fact is even more dearly established in the case of ether—also a very mobile liquid—where 
two independent samples, measured under similar wide variations of pressure, afforded perfectly 
concordant values of y (see pp. 519-520). 
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Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

0-35 

•002589 

•002592 

+ -000003 

562 

•002459 

•002461 

+ -000002 

1027 

•002358 

•002355 

-•000003 

1533 

- -002249 


- -000001 

20-41 

•002147 

•002148 

+ -000001 

25 25 

•002060 

•002060 

•000000 

28-94 1 

•001996 

•001997 

+ -oooooi 

82-02 1 

■001944 

•001946 

+ -000002 

29-93 | 

i 

•001985 

•001980 

-•000005 


Diallyl (Hexine). CH 2 :CH.(CH 2 ) 2 .CH:CH 2 . 

Prepared for us by Mr. H. Grime, Assoc. K.C.S., by the action of sodium on allyl 
iodide. Portions of about 100 grams of the pure iodide were placed with about half 
their weight of sodium in a flask attached to a reflux condenser. Two drops of 
absolute alcohol were added and the contents of the flask maintained at 80° for 
hours in a water bath, and after standing for from 12 to 24 hours the diallyl was 
distilled off and subsequently rectified. 

The sample was allowed to stand over sodium until required for our observations. 
On distillation, it boiled between 59° - 3 and 60 o- 2, by far the greater portion coming 
over between 59 0, 45 and 59 0, 56. This fraction was redistilled and the portion 
boiling between 59 0, 38 and 59°*43 was employed for the observations. Bar. 
760 1 millims. Corrected and reduced b.p. = 59°*4. 

Determination of vapour density : 

Found, 40'7 Calculated, 41'0. 

The observations for viscosity gave the following results :— 


Left limb. 

Right limb. 

Tempt 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

V- 

0-38 

5-95 

10*76 

15-44 

2076 

25*40 

3070 

36*07 

43^ 

■. 46* n . • 
5155 
6621 

J 03-25 
10315 
108*10 
102-09 
102-04 
102-91 
^ 102-69 
10807 
102*60 

102*43 - 

•000061 
•000064 • 
•000066 
•000069 
•000072 
•000075 
•000078 
•000081 
*000085 
*000087 
*000090 
•600098 

•003372 
•003165 
’ -003010 
*002866 
•002713 
•002597 
•002473 
•002351 
■002226 
•002135 
•002044 
•001965 

oW 

5-95 

10-82 

15-49 

2076 

25-43 

3071 

36 06 
41-96 
46-75 
51-53 
5619 

10319 
10311 
103 04 
102-97 
102-89 
102-84 
102*82 
105-04 
102-54 
102-50 
102-44 
102-87 

1 

•000061 

•000064 

•000067 

•000069 

•000072 

•000075 

•000078 

•000081 

•000084 

■000087 

•000090 

*000098 

•003377 

•003172 

•003011 

■002867 

•002726 

002600 

•002474 

•002358 

•002232 

•002140 

•008049 

•001968 
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In reducing the observations we have adopted the value e?(0 o /0°) — 0‘7074for the 
relative density, and the expression 

♦ 

V= 1 + 0*O S 13423« 4- 0 , 0 fl 34839i® + 0 > G 7 S8693< 8 " 

for the thermal expansion (Zander. * Annalen.,’ 214, 148). 

Taking 

r) x = -003374 = -001966 (calculated) ss -002576 

, — 0 o, 87, t s — 56 o, 20, f s (from curve) = 26°*34, 

we obtain the formula 

72-193 

V< “ (173-01 + <) m4 ° ’ 

which gives results in good agreement with those obtained by observation. 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

0°37 

*003374 

•003374 

•000000 

5-95 

•00316!) 

•003174 

+ -000005 

10-78 

•003010 

•003014 

+ -000004 

15-46 

-002866 

•002871 

+ -000005 

2076 

•002719 

•002721 

+ 000002 

25-46 

•002599 

•002595 

-•000004 

. 30-71 

•002474 

•002470 

-•000004 

3606 

•002355 

•002349 

- -000006 

41-99 

•002229 

•002226 

- -000003 

46-76 

•002137 

•002133 

- -000004 

51-54 

•002047 

•002046 

- -000001 

56-20 

•001966 

•001966 

i 

i 

■000000 

i 


Iodides. 

Methyl Iodide. CH 8 I. 

A quantity of “ pure ” methyl iodide, after standing for some days over phosphoric 
oxide, was shaken with “molecular "silver and distilled. It boiled between 42°*86 
and 42 o, 40. Bar. 746-2 millims. Corrected and reduced b.p. = 42 0, 9l. 

Vapour density: 

Found, 70-49. Calculated, 70*75. 

The liquid was quite colourless and remained so throughout the observations. 
Observations for viscosity 
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Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V * 


Press. 

Corr. 


0-43 

101-02 

•0001 n 

•005905 

0-42 

100-81 

•000111 

•005923 

6-06 

100-89 

•000117 

•005568 

606 

100-68 

•000117 

*005582 

6*04 

100-86 

•000117 

•005572 

6*08 

100-65 

•000117 

•005580 

10-54 

100-82 

•000121 

•005326 

10-53 

100-57 

•000121 

*005335 

15-85 

10077 

*000127 

•005057 

15-78 

100*54 

*000127 

•005071 

21-37 

100*75 

•000132 

•004808 

21-37 

100*53 

*000132 

*004813 

27-18 1 

100-70 

•000138 

•004562 

27-26 

10049 

*000138 

•004567 

33-41 

100*63 

•000144 

•004316 

33-36 

10040 

•000144 

004330 

39-95 

100*56 

•000150 

•004089 

39-97 

1 

1 

100*28 

•000150 i 

•004092 . 


In reducing the observations we have employed the value d ( 0 °/ 0 °) = 2'3346 for 
the relative density, and the expression 

V =s 1 + -0 2 1144« -f -0 b 40465( 2 — *0 7 27393f 3 


for the thermal expansion (Dobrineii, * Annalen,’ 243, 23). 

Taking 

i) l = '005914 773 = '004090 if., (calculated) = '004918 

t y = 0 o, 42 t. 6 = 39°'96 t., (from curve) = 18°*92, 


we obtain the formula 


___ 6-6377 

1)1 ~ (134-32 4- O 1 ' 4 * 4 ® ’ 


which almost exactly expresses the observed values. 


Mean. temp. 


Difference. 

Observed (mean). 

Calculated. 

0-42 

*005914 

*005914 

•000000 

606 

•005576 

•005576 

*000000 

10-53 

•005330 

•005332 

4 *000002 

15-81 

*005064 

•005065 

4 *000001 

21-37 

*004810 

•004808 

- *000002 

27-22 

•004564 

*004560 i 

- *000004 

33-38 

•004323 

004322 

* -000001 

39-96 

*004090 

•004090 

*000000 


3 o 


MDCOOXC1V.—A. 
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Ethyl Iodide. CH S .CH 9 I. 

A quantity of ethyl iodide, made for us by Mr. A. Greeves, was dried over 
calcium chloride, and finally over phosphoric oxide. On distilling, it boiled between 
72°*38 and 72 0, 44, Bar. 756*2 millims. Corrected and reduced b.p. a= 72°*57. 

The sample was quite colourless and remained so throughout the observations. 
Yapour density: 

Found, 77*39. Calculated, 77*77. 


Observations of viscosity: 


Left limb. 

Eight limb. 

Temp. 

Press. 

Con*. 

»/• 

Temp. 

Press, 

Corr. 

V • 

0*27 

101*53 

•000079 

•007164 

c 

0-30 

101-31 

•000079 

•007171 

770 

101*63 

000085 

•006601 

7.70 

101-40 

*000085 

006610 

13*19 

101*69 

*000089 

*006231 

1318 

10146 

*000089 

006240 

20*83 

101*84 

•000096 

•005778 

20-77 

101*60 

•000096 

*005787 

2608 

10185 

*000100 

•005494 

26*10 

101-64 

•000100 

*005499 

8296 

101-89 

*000105 

*005150 

3299 

10164 

*000105 

*005153 

38*74 

101*92 

*00011 0 

•004888 

38*74 

101*74 

*000110 

•004896 

45*27 

101*24 

*000114 

•004619 

45*22 

101*08 

*000114 

004623 

51*39 

101*08 

*000119 

•004388 

51*40 

100*94 

*000119 

•004390 

57*51 

101*07 

*000124 

•004168 

57*51 

100*88 

*000124 

004166 

63*76 

100*98 

*000129 

•003963 

63*69 

100*82 

*000129 

003969 

69*35 

100*93 

*000134 

•003790 

69*42 

100*75 

*000134 

003794 


In reducing the observations we have used the value d (0°/0°) = 1*9795 for the 
relative density, and the expression 

V = 1 + *0 2 11520£ -f- *0 8 26 0 3 2< 2 + *0 7 14181i s , 


for the thermal expansion (Dobriner, loc. cit.). 
Taking 


= *007167 

=s *003792 

i) 2 (calculated) = *005213 

00 

03 

o 

o 

II 

•w 

t a = 69°*38 

(from curve) = 3l°*70, 

we obtain 




50-810 



Vl - (157*42 + t) 

17580 » 


which gives results in good agreement with the observed values. 
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Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

0*28 

*007107 

•007167 

*000000 

7‘ 70 

•006605 

•006613 

4 *000008 

1318 • 

•006235 

*006245 

4 *000010 

2080 

•005782 

•0057&5 

•f -000003 

2609 

*005490 

•005497 

4 ‘000001 

32-98 

*005151 

•005152 

4 *000001 

| 38-74 

*004891 

•004890 

- *000001 

j 46-24 

•004621 

*004619 

— 000002 

! 51-39 

•004387 

•004383 

- 000004- 

: 57-51 

*004168 

•004167 

- 000001 

I 63-72 

•003966 

*003964 

- *000002 

| 69-38 

1 

003792 

•003792 

•000000 


Propyl Iodide. CH 3 .CHj.CHjI. 


A quantity of this liquid, obtained from Kahlbattm, after drying over phosphoric 
oxide, was carefully fractionated, and the greater portion was eventually found to 
boil between 102°‘34 and 102 o, 44. Bar. 756 5 millims. Corrected and reduced 
b.p. = 102°'23. 

Vapour density: 

Found, 84'17. Calculated, 84'77. 

The liquid remained quite colourless during the observations for viscosity. These 
gave:— 


Left limb. 

. 

Eight limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Corr. 

*1- 

0-31 

10117 

•000055 

•009327 

030 

300*99 

*000055 

•009345 

10-95 

101T7 

-000062 

•008165 

11*01 

100*99 

•000062 

•008173 

20-82 

10117 

*000008 

•007294 

20*80 

101*01 

*000068 

•007306 

28-33 

10119 

•000073 

•006728 

28-30 

101*01 

•000073 

•006738 

38-83 

10115 

•000081 

*006044 

38-83 

101*01 

•000081 

•006054 

4616 

100-75 

•000085 

•005681 

4618 

100*62 

•000085 

•005639 

55-89 

100-82 

•000092 

•005159 

55-60 

100-64 

000092 

•005166 

65-45 

100*93 

•000099 

•004739 

65-48 

100-73 

•000099 

•004742 

74-39 

: 101-00 

•000105 

•004390 

74-37 

100-81 

•000105 

•004396 

88-86 

101*11 

•000112 

•004065 

84-01 

100-90 

•000112 

•004066 

90-78 

101*32 

•000118 

•003842 

90-79 

101-13 

•000118 

•003847 

98*87 

101-88 

•000123 

•003626 

98-92 

10M8 

*000123 

•003616 


3 o 3 
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In reducing the observations we have adopted d (0 u /0°) — 1-7829 for the relative 
density, and the expression 

V = 1 + "0 2 102762 + '0 5 186582* — -0,05082 s 

for the thermal expansion (Dobriner, loc. tit.). 

Taking 

7f t == -009336 173 = -003621 % (calculated) = -005814 

2 , = 0 u- 30 2 , = 98 0, 89 f 2 (from curve) = 42°"96, 

we obtain 

50-893 

Vt ” (136-84 + 2)>t« ’ 


which gives results in good agreement with those obtained by observation. 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

0-30 

•00934 

•00934 

•00000 

10*98 

*00817 

*00819 

+ *00002 

20*81 

*00730 

•00732 

+ ‘00002 

28*31 

*00673 

*00674 

+ *00001 

38*83 

*00605 

*00605 

•ooooo 

4017 

*00564 

*00564 

*00000 

55*59 

*00516 

•00516 

•ooooo 

65*46 

*00474 

*00473 

- *00001 

74'38 

*00439 

*00439 

•ooooo 

83*88 

*00406 

•00406 

•ooooo 

90*78 

*00384 

•00385 

+ *00001 

98*89 

*00362 

*00362 

•ooooo 


Isopropyl Iodide.. (CH g ) 2 CHI. 

A quantity of isopropyl iodide, obtained from Kahlbaum, was placed for some 
days over phosphoric oxide, and after decantation shaken with “ molecular ” silver to 
remove free iodine. It was then fractionated, when the main portion was found to 
boil between 89°'40 and 89 0, 58. Bar. 753*5 millims. Corrected and reduced 
b.p. = 89 0, 7. 

No valid determination of vapour density could be obtained, or indeed expected, 
owing to the rapidity with which the iodide changes on exposure to heat and light. 

The observations for viscosity gave:— 
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Left limb. 

Eight limb. 

Teteip. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

n ■ 

o 

0*28 

101*55 

*000057 

*008747 

0*32 

101*38 

*000057 

•008752 

9*22 

101*54 

*000063 

*007814 

9*15 

101*35 

*000063 

*007824 

15*91 

101*52 

*000068 

*007216 

15*94 

101*35 

*000068 

•007229 

23*36 

101*32 

*000073 

*006642 

23*50 

101*15 

*000073 

*006637 

3271 

99*88 

•000079 

*006004 

32*67 

9971 

*000079 

*006019 

40*63 

101*70 

*000086 

*005548 

40*71 

101*52 

*000086 

*005549 

49*49 

101*64 

*000092 

*005090 

49*38 

101*46 

*000092 

•005099 

5707 

101*73 

*000098 

•004746 

j 56*95 

I 101*56 

*000097 

*004753 

66*67 

10175 

*000 L05 

*004356 

64*22 

1 10158 

*000103 

*004455 

71*39 

10176 

*000108 

*004194 

71*59 

1 101*58 

•0001<'8 

*004175 

80*57 

10179 

*000115 

•003864 

80 33 

101*62 

*001115 

*003887 

88*67 

10178 

*000122 

*003607 

88*77 

1 

101*62 

*000122 

*003605 


The liquid was quite colourless to begin with, but in the course of the observations 
it became tinted, and at the close was of the colour of pale sherry. 

In reducing the observations we have employed the value d(0 °/0°) = 17440 for 
the relative density, and the relative volumes given by F. D. Brown (‘ Roy. Soc. 
Proc.,’ 36, 245) for the thermal expansion. 

Taking 

^ ss *008749 = *003606 (calculated) = *005617 

as 0°*30 . t % — 88°*72 t % (from curve) = 39°*42, 

we obtain 

129*85 

Vt “ (150*03 + 0 m(1 ’ 


which gives values in good agreemeut with those obtained by observation. 


Mean temp. 

*?• 

Difference. 

Observed (mean). 

Calculated. 

(>30 

•00875 

*00875 

*00000 

9*18 

*00782 

*00784 

4- *00002 

16*92 

•00722 

*00724 

+ *00002 

23*48 

•00664 

*00665 

•+ *00001 

32*09 

•00601 

*00602 

+ *00001 

40*67 

•00555 

•00555 

*00000 

49-43 

•00509 

•00509 

00000 

5701 

•00475 

*00474 

- *00001 

. 65*44 

*00440 

*00439 

-*00001 

71*49 

i >00418 

’00416 

— *00002 

80*45 

•00388 

*00386 

- *00002 

88*72 

*00361 

i 

*00361 

*00000 

4 
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Isobutyl Iodide. (CH S ) S CH.CH S I. 


About 500 cub. centims. of isobutyl iodide, boiling between 119° and 121 ° were 
fractionated. The greater portion boiled between 120 ° and 120°*5. This was shaken 
with mercury, to remove any free iodine, decanted, and treated with phosphoric oxide, 
and the portion boiling at 119°*75 and 119°*95 collected separately. Bar. 762*0 millions. 
Corrected and reduced b.p. — 119 0, 94. 

The iodide was re-distilled under diminished pressure before being introduced into 
the glischrometer. The portion collected came over, without actual boiling, between 
57° and 71° under a pressure of from 85 to 141 millions. 

The observations for viscosity gave :— 


Left limb# 

Bight limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Corr. 

V• 

o 

0-45 

100-22 

•000040 

•011534 

045 

100 08 

•000040 

•011544 





11-23 

100-66 

*000047 

009784 

22-46 

100-59 

•000054 

•008430 

22 43 

100-48 

•000054 

•008441 

33-84 

100-56 

•000061 

007385 





44-54 

100-58 

•000067 

•006578 

44*59 

100-42 

•000067 

•006577 

54-68 

100-52 

■000074 

005933 

54-63 

100-36 

•000073 

•005938 

65-17 

100-53 

•000080 

•005364 

65-06 

100*36 

000080 

005371 

77-31 

100-56 

•000088 

•004801 

77-35 

10040 

■000088 

004805 

86-92 

100-55 

•000095 

004416 

86-74 

100-37 

•000094 

•004427 

97-84 

100-61 

•000102 

•004032 





109-20 

100-57 

•000109 

*003683 

109-20 

100-46 

•000109 

•003687 

11604 

100-54 

000114 

•003493 

116-09 

100-39 

•000114 

•003486 


The liquid at the outset was perfectly colourless, but in the course of the work it 
gradually became yellow and ultimately dark red at the higher temperatures. It 
remained, however, transparent to the end. 

In reducing the observations, we employed the value d (0°/0°) ~ 1*6345 for the 
relative density, and the numbers given by Pierre and Puchot (‘ Ann. de China, et 
de Phys.,’ 4, 22 , 318) as expressing the thermal expansion. 

Taking 


Oi = *011589 

173 = *003489 

1 j 9 (calculated) = *006345 

t x s= 0°*46 

« 3 = 116°*05 

t # (from curve) =3 47 e *95, 

we obtain 

27*652 



^ ~ (108*86 + C ) m77 * 


which gives the following calculated values ;— 
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Mean temp. 

V 

Difference. 

Observed (mean). 

Calculated. 

- 0-4,5 

*01154 

•01154 

*00000 

11-83 


•00987 

+ -00009 

22-44 


*00852 

+ *00008 

83*84 

*00739 

*00742 

+ *00003 

44*56 

*00658 

*00658 

•00000 

54*65 

•00593 

•00592 

-•00001 

65*11 

*00536 

*00534 

— *00002 

77*33 

•00480 

*00477 

- *00003 

86*83 

*00442 

•00440 

— *00002 

97*84 

•00403 

•00402 

-•00001 

109*20 

*00368 

•00367 

- *00001 

116*07 

•00349 

*00349 

•ooooo 


Allyl Iodide. CH 2 :CH.CH 2 I. 


A quantity of allyl iodide, made by the method of Tollens and Henningek 
(‘Annalen,’ 156, 134), which boiled between 102°’5 and 103 o, 0, was shaken with a 
small quantity of mercury and distilled; the greater portion was found to boil 
between 102 O- 05 and 102°*55. Bar. 747'7 millims. Corrected and reduced 
b.p. = 102 o, 79. The distillate was next treated with “molecular” silver and re¬ 
distilled under diminished pressure (circa 190 millims.) immediately before its 
introduction into the glischrometer. 

The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V- 

Terap. 

Press. 

Corr. 

V- 

0-34 

102-61 

•000059 

*009253 

0-32 


*000059 

•009262 

9-36 

102-64 

•000065 

•008239 

9-31 

102*45 

*000065 

•008266 

16-82 

102*61 

*000071 

•007530 ! 

16*73 

102*41 

mmvm 

*007548 

2616 

102-65 

*000078 

•006782 j 

26-08 

102*45 

U Lill 

•006798 

35-76- 

102-66 

*000085 

006132 

3578 

102*48 

•000085 

•006139 

4416 

10217 

•000090 

*005647 

44*20 

101-98 


•005648 

5517 

10211 

•000099 

•005093 I 

55*15 

101*93 


005101 

63-43 

10209 

•000104 

•004773 

63‘45 

101*91 


•004742 

7116 

10214 

000111 

•004436 

71*13 

101*93 

*000111 

•004435 

81-81 

102-22 

•000118 

•004113 

81*28 

102*03 


•004083 

91-83 

102-24 

•000127 


91-90 

102*04 


•003748 

96-45 

102-26 

•000131 







In reducing the observations, we employed the value d ( 0 °/ 0 °) = 1'8696 for the 
relative density, and the expression 
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V = 1 + 0-0 a 10539« + 0-0 6 63572f* *f O'OjlOGSe* 8 

given by Zander (' Annaleu,’ 214, 146) for the thermal expansion. 

Taking 

rji — -009257 % = -003749 % (calculated) = -005891 

t y = 0°"33 t 3 = 91 0, 86 t 3 (from curve) = 39 8 *90, 

we obtain the formula 

28'411 

7)1 (126 05 +7) 1 * 6 ® ’ 


which affords the following calculated values :— 


Mean temp. 

V • 

Difference. 

Observed (mean). 

Calculated. 

0*83 

•00926 

-00926 

•ooooo 

933 

*00825 

-00826 

+ *00001 

1677 

•00754 

•00756 

+ -00002 

26*12 

•00679 

•00680 

+ -00001 

35-77 

•00614 

*00614 

•ooooo 

4418 

•00565 

•00565 

*00000 

55*16 

00510 

•00509 

- -00001 

63-44 

•00476 

00473 

- *00003 

71-14 

•00443 

*00443 

•ooooo 

81-29 

"00410 

•00407 

- *00003 

91-86 

•00375 

•00375 

*00000 

98*45 

•00358 

•00357 

- -00001 


Bromides. 

Ethyl Bromide. CH 3 .CH 2 Br. 

A sample made by the action of bromine and phosphorus on alcohol, after drying 
over phosphoric oxide and rectifying, boiled between 38 0, 23 and 38°-58. Bar. 764*9 
millims. Corrected and reduced b.p. = 38°"22. 

Vapour density: 

Found, 54*56. Calculated, 54*5, 


Observations for viscosity :— 
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Le 

It limb. 

Eight limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

V* 

0-34 

5-21 

9-68 

15-47 

20-54 

25-30 

30-07 

36-20 

102-38 

101-46 

101-39 

101-37 

101-85 

101-31 

101-33 

101-35 

•000086 

•000089 

•000092 

•000097 

•000100 

•000104 

•000108 

•000112 

•004755 

•004517 

•004320 

•004085 

•003900 

•003728 

■003577 

•003391 

0-34 

5-16 

9-66 

15-45 

20-54 

25-26 

30-00 

8609 

102-22 
101-31 
101-30 
101-21 
101-21 
101-17 
• 10117 
101-20 

•000086 

•000089 

•000092 

•000097 

•000100 

•000104 

•000107 

•000112 

•004764 

004533 

•004384 

•004090 

•003906 

•003740 

•003585 

•003397 


In reducing the observations the value d(0°/0°) = 1-4733 for the relative density, 
and the expression 

Y = 1 + -0 S 13376* -f -0 S 15013« 2 + -0 7 169« 3 

for the thermal expansion (Pierre, * Annales de Chim. et de Phys.,’ 3, vol. 15, 3G9), 
have been adopted. 

Taking 

i 7 ! = -004759 t} 9 = -003394 ij 2 (calculated) = -004019 

h — 0 o, 34 t s — 36 0, 15 t 2 (from curve) = 17 0, 22, 

we obtain the formula 

— 6-8898 

Vi ~ ( 138-65 + 0 lw * ’ 

which almost exactly reproduces the observed values. 


Mean temp. 

V• 

Difference. 

♦ 

Observed (mean). 

Calculated. 

034 

’004759 

•004759 

•oooooo 

5*18 

•004525 

•004525 

•oooooo 

9-67 

•004327 

•004324 

— *000003 

15-46 

•004087 

•004087 

•oooooo 

20-54 

•003903 

•003896 

- *000007 

25*28 

•003734 

•003731 

- *000003 

30-03 

•003581 

•003577 

- *000004 

8615 

•003394 

•003394 

*000000 


MDccxacqrv,--A. 3 p 
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Propyl Bromide. CH 3 .CH 4 .CH 2 Br. 

A quantity of this substance, obtained from Kahlbaum, after standing over phos¬ 
phoric oxide, boiled between 70°76 and 70 o, 93. Bar. 754*6 millims. Corrected and 
reduced b.p. = 71°*07. 

Vapour density: 

Found, 60*79. Calculated, 61*38. 


Observations for viscosity:— 


Left limb. 

_ . 

Bight limb. 

Temp. 

Press. 

Corr. 

• 

»/• 

| Temp. 

Press. 

Core. 

V- 

o 

046 

100*50 

*000059 

•006408 

i ° 

0*43 

100*41 

*000059 

•006419 

7-85 

100*43 

■000064 

•005878 

1 7-87 

100*31 

*000064 

•005890 

1367 

100*39 

*000068 

•005513 

1365 

100-27 

•000067 

•005534 

1919 

100-30 

•000071 

*005199 

19*15 

100*19 

*000071 

*005219 

25-46 

100*21 

•000075 

•004896 

25*43 

100*07 

*000075 

•004910 

31-90 

100*19 

•000079 

•004580 

31*87 

100*07 

*000079 

*004595 

38*62 

100*14 

•000083 

•004294 

38-59 

100*01 

•000083 

*004307 

45 66 

100*12 

*000088 

•004027 

4565 

99*99 

•000088 

*004036 

51*11 

100*30 

*000092 

•003835 

50-91 

100*16 

•000091 

*003852 

57-34 

100*31 

•000096 

•003629 

5741 

100*17 

*000096 

*003638 

6199 

100*41 

*000099 

•003491 

61-98 

100*25 

*000099 

! *003499 

67*84 

100*43 

*000103 

•003324 

■ 67'88 

100*28 

*000103 

' 003333 


In reducing the observations the value 1*3835 for the relative density at 0°, and 
the expression 

V = 1 + *0 2 12239£ + *0 e 5669 6t* + *0 7 1369< 8 

for the thermal expansion (Zander, * Annalen,’ 214, 159), have been adopted. 

Taking 

i/j = *006414 7/ s = *003328 ?/ 2 (calculated) = *004620 

t x — 0°*45 < 3 = 67°*86 ( 2 (from curve) — 31°*14, 

we obtain the formula 

65*713 

(155*75 + 0 1 ' 8 * 8 ’ 

which gives resets in good agreement with the observed values. 
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Mean temp. 

'/• 

Difference. 

Observed (mean). 

Calculated. 

0-45 

•006414 

•006414 

•oooooo 

7-86 

•005884 

•005893 

+ ’000009 

13-66 

005523 

•005529 

+ 000006 

1917 

*005209 

005215 

+ *000006 

25*44 

•004903 

•004890 

- 000013 

31-88 

•004588 

•0045S7 

- *000001 

38-60 

•004300 

•004301 

1 + *000001 

45*64 

•004032 

•004030 

- -000002 

51-01 

•003844 

003841 

- -000003 

57-37 

•003633 

•003634 

4* *000001 

61-98 

•003495 

•003495 

oooooo 

67*86 

•003328 

•003328 

•oooooo 


Isopropyl Bromide. (CH 3 ) 2 CHBr. 

Obtained from Kahlbaum. After drying over phosphoric oxide, the liquid boiled 
between 59° - 26 and 59 o- 30. Bar. 748*4 millims. Corrected and reduced b.p. = 59°*73. 
Vapour density: 

Found, 61*28. Calculated, 61*38. 


The observations for viscosity were :— 


Left limb. 

Right Limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

7- 

031 

101-10 

•000061 

•006013 

0-35 

100*91 

*000061 

*006029 

513 

10095 

*000065 

*005683 

5*11 

100-84 

•000064 

•005694 

1016 

10075 

•000068 

*005363 

10-13 

100*64 

•000068 

•005379 

15-30 

100-61 

•000071 

•005061 

15*30 

100-50 

•000071 

•005075 

2032 

100-60 

•000074 

•004796 

20-24 

100-45 

*000074 

•004811 

25-50 

100*56 

•000078 

*004543 

25*43 

10043 

•000078 

•004558 

30 00 

100-56 

•000081 

•004337 

2991 

10045 

-000081 

•004350 

35-96 

10039 

-000085 

•004087 

3584 

10083 

*000085 

*004104 

4119 

100-21 

•000089 

•003886 

4116 

100-15 

*000088 

*003902 

46-34 

99*91 

•000092 

•003698 

4639 

9979 

*000092 

•003709 

50-89 

99-71 

•000095 

•003550 

50-93 

99-69 

•000095 

•003558 

56*80 

99*50 

*000099 

•003366 

5673 

9945 

•000099 

*003376 


In reducing the 
tile expression 


observations, the value 1*3397 for the relative density at 0°, and 
Vs 1 + *0 S 12494< + *0 6 1887 « s + *0,6365^, 


for the thermal expansion (Zander, ' Annalen,’ 214, 161), have been adopted. 

3 P 2 
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Taking 

i?i = *006021 

as 0°'83 
we obtain the formula 


173 as *008371 ij 3 (calculated) = *004605 

< 3 = 56°76 t t (from curve) s= 26°*62, 


188*08 

V ‘ ~ (169 03 + 0 s ' 0188 ’ 


which gives values in good agreement with those obtained by observation. 


Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated, 

0-33 

•006021 

•006021 

•oooooo 

5*12 

•005688 

•005691 

+ *000003 

10*14 

•005371 

*005374 

+ -000003 

15*30 

*005068 

*005076 

+ -000008 

20*28 | 

•004803 

•004810 

+ -000007 

25*46 

•004551 

*004555 

+ -000004 

29*94 

*004343 

•004350 

+ -000007 

35*90 

*004095 

•004099 

+ -000004 

41*17 

*003894 

•003894 

•oooooo 

46*36 ] 

*003704 

•003707 

+ -000003 

50*91 1 

*003555 

•003554 

- -000001 

5676 j 

*003371 

•003371 

•oooooo 


Isobutyl Bromide. (CH 8 ) a CH.CH 3 Br, 

After drying with phosphoric oxide, the liquid boiled between 91°80 and 90° 
Bar. 763*8 millims. Corrected and reduced b.p. = 91°*7. 

Vapour density: 

Found, 67"24. Calculated, 68 50. 

Observations for viscosity :— 


Left-limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V- 

Temp, 

Press. 

Corr. 

V * 

0-33 

100*32 

*000042 

•008190 

0°36 

100-19 

*000042 

■008203 

739 

100*29 

*000046 

•007447 

7-42 

10018 

•000046 

•007459 

1611 

100-26 

•000050 

•006679 

16-05 

100-13 

*000050 

•006692 

2370 

100-22 

•000055 

•006103 

23-72 

100-12 

•000055 

•006121 

3218 

100*81 

*000060 

•005551 

3216 

100-69 

*000060 

•003564 

40*33 

100*67 

*000064 

•005094 

40-35 

100-49 

•000064 

•005105 

48-42 

100-72 

•000069 

•004692 

48-36 

100-57 

•000069 

•004703 

5611 

! 99-94 

•000073 

■004348 

5618 

99-83 

•000073 

•004353 

6416 

99-96 

•000078 

•004035 

6418 

99-82 

•000078 

004039 

7259 

10014 ; 

•000083 

•003724 

72-55 

100-02 

•000083 

*005735 

80-16 

10019 

•000088 

•003480 

80-21 

100 06 

•000088 

■003489 

87-92 

10018 

•000093 

* -003225 

87-94 

100-05 

*000093 

003233 
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In reducing the observations, the value of 1-249 for the density at 0°, and the 
volumes given by Pierre and Puchot (‘Annales de Chim. et de Phys.’ (4), 22, 814) 
for the' thermal expansion, have been made use of. 

Taking 

Vi ~ '908196 i ; 3 = ’008229 (calculated) — ’005145 

<i = 0°’34 < 3 = 87°-93 t 2 (from curve) = 39°’42, 

we obtain the expression 

47223 

Vl “ (16T62 + tf™ * 


which gives the following calculated values :— 


Mean temp. 

'/• 

Difference. 

Observed (mean). 

Calculated. 

034 

*00820 

*00820 

■ooooo 

7*40 

•00745 

*00747 

+ *00002 

1608 

*00669 

•00671 

4- *00002 ’ 

2371 

*00611 

•00613 

-f- ’00002 

32*17 

•00556 

•00557 

+ *00001 

40*34 

•00510 

•00509 

- *00001 

48*39 

*00470 

•00468 

- *00002 

56*14 

•00435 

•00433 

- 00002 

64*17 

•00404 

•00401 

- -00003 

72*57 

•00373 

•00370 

- -00003 

80*18 

•00348 

•00346 

- *00002 

87*93 

i 

•00323 

00323 

1 

•ooooo 


Allyl Bromide. CH 2 :CH. CH s Br. 

Prepared by Mr. J. G. Saltmarsh, Assoc. E.C.S., by Grosheintz’s method (‘Bulletin 
de la Soc. Chim. de Paris/ 30, 98). After drying and distillation the liquid boiled 
between 69°’58 and 70°’28. Bar. 7457 millims. Corrected and reduced b.p. = 70 o, 5. 

Vapour density: 

Found, I. 59’40; II. 59*11; Calculated, 60’40. 

The mercury in both cases was found to be slightly attacked by the vapoui of the 
allyl bromide. 

The observations for viscosity gave:— 
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Left limb. 

Bight limb. 

Temp. 

Press. 

Con\ 


Temp. 

Press. 

Corr. 

V* 

0*30 

101*12 

•000068 

•006162 

0*30 

100-93 

•000068 

•006174 

6-60 

101-18 

*000073 

*005734 

6*69 

101-01 

*000073 

*005727 

12*42 

101*24 

*000077 

■005367 

12*42 

101*05 

•000077 

•005376 

18*36 

101*26 

*000081 

*005040 

18*33 

101*11 

000081 

•005054 

24-72 

101*50 

*000086 

•004721 

24*75 

101*34 

•000086 

•004733 

30*87 

101*66 

*000091 

•004444 

30*81 

101*50 

*000091 

•004453 

37-22 

101*77 

*000095 

*004207 

37*22 

10161 

•000095 

•004190 

42-87 

101*80 

*000099 

*003996 

42*81 

101*64 

•000099 

•003980 

47-88 

100*61 

*000102 

*003803 

47*85 

100*49 

•000102 

•003807 

54-46 

100-36 

*000107 

*003589 

54*65 

100*27 

•000107 

•003586 

6112 

10016 

*000111 

*003403 

61*18 

100*03 

•000111 

•003401 

68-67 

i 

99-97 

*000117 

*003192 

68*67 

99*83 

•000117 

•003195 


In reducing the observations the value d (0°/0°) = 1‘4593 for the illative density, 
and the expression 

V = 1 + -0 2 122 7 5 1 - -0 6 44 3 65« s + ‘0 7 25843t 3 

for the thermal expansion, were used (Zander, ‘ Annalen,’ 214, 145). 

Taking 

= *006168 i) 3 — ‘003193 r] i (calculated) = '004438 

= 0°*30 t 3 = 68°‘67 t 2 (from curve) = 31°‘20, 

we obtain the formula 

30-360 

V ‘ ~ (145-03 + <) 17W * 


which gives values in good agreement with those obtained by observation. 


Mean temp. 

V • 

Difference, 

Observed (mean). 

Calculated. 

0*30 

, 

•006168 

*006168 

•000000 

6*64 

*005730 

•005735 

+ *000005 

12-42 

•005372 

•005380 

+ -000008 

18-34 

*005046 

•005051 

+ -000005 

24-73 

•004727 

•004731 

+ *000004 

30-84 

*004449 

•004454 

+ -000005 

3722 

•004198 

•004191 

-•000007 

42-84 

•003988 

•003979 

-•000009 

47-86 ■ 

•003805 

•003804 

-•000001 

5455 

•003587 

•003589 

+ 000002 

61-15 

■003402 

•003395 

-•000007 

68-67 

•008193 

•003193 

•000000 
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Ethylene Bromide. CH 2 Br.CH 2 Br. 

A. considerable quantity of ethylene dibromide was dried over phosphoric oxide and 
frozen. By repeated freezing and partial liquefaction a fraction was eventually 
obtained which melted constantly at 9 a, 25. This was again dried over phosphoric 
oxide and distilled; it boiled between l30 o, 28 and 130 o, 60. Bar. 761-2 millims. 
Corrected and reduced b.p. == 130 0, 39. 

Vapour density : 

Found, 93'07 Calculated, 9374. 


Observations for viscosity :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

, ! 

Temp. 

Press. 

Corr. 

V‘ 

9*48 

130*07 

•000038 

•020511 ! 

9*51 

129*45 

*000038 

•020543 

20*66 

129-73 

•000046 

*016964 

20*61 

129*62 

*000046 

017005 

31*27 

130*51 

•000053 

*014440 

3116 

130-36 

■000053 

*014463 

41*64 

130*03 

000061 

*012508 

41*64 

129-95 

•000061 

•012529 

51*93 

129*65 

*000068 

•010980 

51*69 

129*46 

*000068 

•011006 

6-2-97 

129*01 

•000076 

•009655 

62*78 

128*84 

*000076 

•009685 

73-44 

129-71 

*000085 

•008623 

73*53 

129 49 

*000085 

008624 

85-95 

129-56 

*000094 

-007607 

85*80 

129*42 

*000094 

•007632 

95-86 

129-46 

*000102 

•006939 t 

95*77 

129*26 

*000102 

*006940 

105-74 

129-38 

•000110 

•006336 j 

105*68 

12917 

*000110 

*006342 

11708 

129-45 

*000119 

•005769 ! 

116*75 

129*25 

*000119 

*005782 

126-71 

129-51 | 

-000127 

•005323 | 

1 

126*72 

129*29 | 

•000127 

•005321 


In reducing the observations the value 2-2132 for the density at 0°, and the 
expression 

V = 1 + ‘0 3 952845£ + -0 8 6 8 34S5« 2 + < 0 8 3 9 47« 3 

for the thermal expansion, were adopted (Thorpe, loc. cit.). 

Taking 

T) l = *020527 rj s — -005322 i} a (ca,lculated) = ‘010452 

t l s= 9°‘49 t a — 126°‘71 * 2 (from curve) = 56°‘08, 

we obtain the formula 

30-535 

^ =: (80-802 + t) Vim ’ 

which gives the following calculated values :— 
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Mean temp* 

*1 

b 

Difference* 

Observed (mean). 

Calculated. 

o 

9*49 

*02053 

*02053 

•00000 

20-63 

. -01698 

•01699 

+ -00001 

31-21 

•01445 

•01447 

+ -00002 

41-64 

•01252 

•01252 

•00000 

51-81 

•01099 

•01100 

+ -00001 

62-87 

•00967 

•00966 

- 00001 

73-48 

•00862 

•00861 

- -00001 

85-97 

•00762 

•00759 

-•00003 

95-81 

•00694 

•00691 

-•00003 

105-71 

■00634 

•00633 

- -ooooi 

11701 

•00577 

•00575 

- -00002 

! 126-71 

•00532 

•00532 

•00000 


Propylene Bromide. CH 8 .CHBr.CH 3 Br. 


Prepared by Kahlbaum. After drying over phosphoric oxide the liquid boiled 
between 140 o, 90 and 141 0, 17. Bar. 753"9 millims. Corrected and reduoedb.p.=141 0, 35. 
Vapour density: 

Found 1007. Calculated 10076. 


Observations for viscosity :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V’ 

Temp. 

Press. 

Corr. 

»/• 

0*37 

129-56 

*000031 

•022838 

0 35 

129*39 

■000031 

•022856 

1291 

130-46 

*000040 

•018147 

1291 

130-24 

•000040 

•018166 

25*27 

130*44 

•000046 

•014937 

2527 

130-23 

-000046 

•014937 

38-00 

130*47 

•000054 

•012472 

38*04 

130-27 

*000054 

'012469 

50*18 

130 00 

•000062 

•010703 

49*99 

129*79 

•000062 

•010732 

63*20 

13012 

•000072 

•009185 

6319 

129-89 

•000072 

•009183 

7647 

13006 

•000081 

•007974 

76-45 

129-90 

•000081 

007966 

89-46 

13010 

•000090 

•007046 

88-80 

129-89 

000090 

•007044 

101-16 

13013 

•000100 

•006287 

101-20 

129-96 

•000100 

■006281 

113-61 

13015 

•000109 

•005636 

113-81 

129-99 

•000109 

■005624 

127-97 

13012 

•000121 

•005010 

127-98 

120-92 

•000121 

•005010 

136-62 

13008 

•000127 

•004687 

13672 

129-92 

•000127 

•004681 


In reducing the observations, the value 1’9617 for the relative density at 0°, and 
the expression 

V = 1 + *0 8 91672* + *0 8 122772® -f *0 8 120102® 

*>-w 1 

for the thermal expansion (Zander, ‘ Annalen/ 214, 175), were adopted. 
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T&kiog 

* *022847 ij 8 as -004684 ij s (calculated) as *010§45 

ti — 0 86 *8 = 136°‘67 t 2 (from curve) = 52°*98, 

we obtain the formula 

_ 48-803 

Vi ~~ (88-757 + <) no76 ’ 
which gives the following values:_ 


Mean temp. 

V 

Difference. 

Observed (mean). 

C&lcnlated. 

0-36 

•02285 

•02285 

•ooooo 

12-91 

•01816 

•01824 

+ '00008 

25-27 

•01494 

01499 

4 *00005 

38 02 

01247 

•01249 

4 -00002 

50-08 

•01072 

*01072 

■ooooo 

6319 

•00918 

•00919 

4 -00001 

76*46 

■00797 

•00796 

- -ooooi 

8913 

•00704 

•00702 

- *00002 

10118 

•00628 

•00628 

! -ooooo 

113-71 

•00565 

00563 

— -00002 

127-97 

00501 

•00501 

-ooooo 

136-67 

00468 

00468 

•ooooo 


Isobutylene Bromide. (CH 3 ) 3 CBr.CH 2 Br. 


A quantity of this substance, procured from Kahlbaum, was placed over phos¬ 
phoric oxide for some days and then distilled. It boiled completely between 148°’85 
and 149 o, 60. Bar. 752 - 5 millims. Corrected and reduced b.p. = 149°'6. 

Before introducing it into the glischrometer, it was again distilled under reduced 
pressure, and the portion coming over between the pressures 77 and 91 millims. was 
employed for the experiments. 

The observations for viscosity were as follows:— 



Left limb. 

Right limb, 

i 

Temp, 

Piece. 

Corr. 


Temp. 

Press. 

Corr. 

n 

18-67 
40-80 
66-90 
80-64 
98*67 
107-15 
181-72 
188 75 
142-46 

180-52 

129-97 

129-84 

189-63 

189-57 

180-52 

180-59 

180*59 

-000026 

•000041 

-000057 

•000066 

•000076 

•000086 

*000097 

•000106 

•000118 

♦ 

-024558 

•015278 

•010648 

*009027 

•007809 

•006808 

•005983 

•005821 

•004946 

o 

0-39 

26-94 

5318 

80-56 

93-60 

10716 

121-76 

188-76 

142-42 

130-25 

129-83 

129-73 

129-53 

129- 40 

130- 37 
130-38 
130-42 
130-41 

•000020 

•000033 

-000049 

•000066 

•000075 

000086 

•000097 

•000106 

-000112 

•032908 

•019163 

•012741 

•009032 

•007821 

•006803 

•005928 

005322 

-004936 


MDOOCOCOIV.—A. 
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In reducing the observations we employed the value d (15°/15°) = 174343 given by 
Perkin (* Chem. Soc. Trans./ 45, 525) for the relative density, and the expression 

V as 1 + *0 S 95566$ + ’0 fl 31753* s 4* ■0 g 500821« 8 


for the thermal expansion (Thorpe and L. M. Jones, loc. cit.). 

Taking 

Hi = ’032908 r) s =ss *004941 rjt (calculated) = ’012750 
I, = 0°’39 < 3 = 142°*44 (from curve) as 53°*12, 

we obtain 

79-485 

Vt ” (75-fi0 + i) 1 ' 7 ’ 88 ’ 


which gives the following calculated values :— 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

0°39 

•03290 

•03290 

•ooooo 

13*67 

*02456 

•02463 

+ -00007 

26-94 

•01916 

•01919 

+ -00003 

40-80 

•01528 

01528 

•ooooo 

5318 

•01274 

•01274 

*00000 

66-90 

■01065 

•01062 

- -00003 

80*60 

•00903 

•00900 

- *00003 

93-63 

•00781 

•00779 

- *00002 

10715 

•00680 

•00679 

- -00001 

121-74 

•00593 

•00591 

- -00002 

138-75 

*00532 

•00532 

•ooooo 

142-44 

*00494 

•00494 

•ooooo 


Acetylene Bromide. (Symmetrical Dibromethylene.) (CHBr:CHBr.) 

Prepared by Dr. Puhpton, to whom our thanks are due for the specimen. The 
liquid boiled between 108 o, 9 and 109°7. Bar. 757’8 millims. Corrected and reduced 
b.p. =s 109°*4. 

Vapour density: 

Found, 92*04. Calculated, 92*77. 


Observations for viscosity:— 
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Left limb. 

* 

Bight limb. 

Temp. 

Press. 

, Corr. 

7* 

Temp. 

Press. 

Gorr. 

7- 

0-84 

128-99 

*000070 

*012163 

0-88 

128*73 

•000070 

•012171 

1102 

129-07 

•000078 

*010693 

10-88 

128*76 

*000078 

•010701 

19*94 

12907 

*000086 

•009592 

19-93 

128*84 

•000086 

•009603 

30-15 

129-17 

•000096 

•008579 

30*13 

128-93 

•000096 

•008594 

39-45 

129-22 

*000104 

•007812 

39*53 

128-96 

•000104 

•007820 

47-80 

12919 

■000111 

•007222 

47-81 

128-99 

•000111 

•007224 

58 00 

129*25 

*000120 

•006588 

57-92 

129*00 

•000120 

•006695 

67-21 

129*26 

*000128 

•006099 

67-17 

129*02 

•000128 

•006102 

76-65 

129*37 

*000137 

•005651 

76-79 

129*10 

•000136 

•005650 

85-95 

129*37 

*000145 

005249 

85-95 

129*13 

•000145 

•005256 

9710 

129*20 

*000155 

•004831 

97-10 

128*99 

•000154 

•004839 

105-74 

129*22 

*000163 

•004538 

105-71 

129*01 

•000162 

•004542 


The published determinations of the density of acetylene bromide are somewhat 
discordant. Two independent estimations of the sample employed by us gave 
d (0°/4°) = 2’29866 and 2'29847 ; mean = 2 , 2986, which we have adopted in the 
calculations. This agrees closely with Weger’s value, d (0°/0°) = 2‘2983. 

For the thermal expansion we have used Weger’s expression (‘Annalen,’ 221, 72) 

V = 1 + ’0 S 99103< + '0 6 175 19< 2 + -0 8 117 76« 8 . 

Taking 

Vl — -012167 T 7 S = -004540 (calculated) = -007432 

t x = 0°*86 t R = 105 o, 72 t 2 (from curve) = 44°-77, 

we obtain the formula 

14-868 

Vt ~ (112-29 + 0 V{OSS ’ 

which gives the following calculated values :— 


Mean temp. 

7- 

Difference. 

Observed (mean). 

Calculated. 

0*86 

•01217 

•01217 

•00000 

10*95 

•01070 

•01070 

*00000 

19-93 

•00960 

*00963 

+ -00003 

3014 

*00859 

*00861 

+ -00002 

39-49 

•00782 

•00782 

•ooooo 

47-80 

•00722 

•00722 

•00000 

5796 

•00659 

•00658 

-•00001 

6719 

•00610 

•00608 

- -00002 

76-72 

•00565 

00563 

- -00002 

85-95 

•00525 

•00523 

-•00002 

9710 

•00483 

•00482 

- -00001 

105-72 

•00454 

•00454 

•ooooo 


3 Q 2 
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Chlorides. 

Propyl Chloride. CH 3 .CH # .CH g Cl. 1 

A. quantity of the chloride obtained from Kahlbaum was dried by phosphoric 
oxide and distilled. It boiled between 46 0, 1 and 46°‘8. Bar. 754*4 millims. Corrected 
and reduced b.p. 46°*47. 

Vapour density: 

Found, 39*56. Calculated, 39*18. 

Observations for viscosity :— 


1 Left limb, 

Right limb. j 

Temp. 

Press. 

Com. 


Temp, 

Press. 

Gorr. 

V • 

043 

100*00 

*000057 

•004325 

e 

047 

99-95 

*000057 

•004330 

5*25 

99*95 

•000060 

-004103 

5-23 

99-85 

*000060 

*004106 

10*08 

99*80 

*000063 

■003893 

10*05 

99-73 

*000063 

•003896 

14-68 

99*74 

*000065 

•003706 

1463 

99-66 

•000065 

•003711 

20*74 

100 01 

•000069 

•003491 

20-68 

99-94 

•000069 

003499 

25-80 

99*99 

*000071 

•003340 

2573 

99*92 

-000071 

•003347 

3033 

99*95 

•000074 

*003178 

j 3044 

99*86 1 

-000074 

•003177 

35-36 

99*90 

-000077 

*003040 

1 35*40 

99-84 1 

*000077 

•003037 

40-81 

99-89 

*000080 

•002882 

40*83 

99*81 

*000080 

002892 

44-67 

99*89 

*000082 

•002786 

44*69 

99*79 

•000082 

•002783 


In reducing the observations the value d (0°/0°) = 0*9123 for the relative density, 
and the expression: 

V = 1 + *0jl3806£ + *0 6 38313« 2 - *0 7 13859< 8 

for the thermal expansion (Zander, * Annalen,’ 214, 157), were used. 

Taking 

= *004327 = *002784 (calculated) = *003471 

t x = 0°*45 t 3 = 44°*68 t s (from curve) =s 2 L°*48, 

we obtain 

662*52 

Vt ~ (203*36 + 0 rwM * 

from which the following calculated values are obtained 
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Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

0°45 

*004327 

•004327 

•000000 

524 

*004104 

*004108 

+ •000004 

1006 

•008894 

•003902 

+ -000008 

14-65 

•003709 

•003720 

+ 000011 

20-71 

*003495 

*003498 

+ -000003 

25-76 

•003344 

•003327 

- -000017 

30-38 

•008178 

•003181 

+ -000003 

35-88 

•003038 

•003034 

-•000004 

40-82 

•002887 

•002884 

- -000003 

44-68 

•002784 

•002784 

•000000 


Isopropyl Gblwide. (CH 3 ) 2 CHC1. 


A. sample from Kahlbaum, after drying over phosphoric oxide, was distilled. It 
boiled between 35 o- 80 and 35°‘86. Bar. 762’1 millims. Corrected and reduced 
b.p. = 35°74. 

Vapour density: 

Found, 38*92. Calculated, 39*18. 


The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V• 

Temp. 

Press. 


n 

0-27 

nu 


KHU 

0-27 

URH 

000060 

*004003 

6*68 

■mU 



6*69 

■ 

•000064 

*003716 

11*02 




11*02 


•000067 

•003540 

1646 




16*48 

■Mfl 

•000070 

•003341 

22-58 

300*31 


*003L33 

22*47 


000074 

*003143 

28-22 



W* if* 

28*22 

100*21 

•000077 

*002964 

33-05 



•002827 



*000080 

•002832 


In reducing the observations, the value d (0°/0°) = 0*8825 for the relative density, 
and the expressi on 

V SB 1 + *0 a l3696< + *0 B 55287t s 

for the thermal expansion (Zander, * Annalen,’ 214, 158), were employed. 

Taking 

© 

ft = *004000 ft s= *002829 ft (calculated) = *003364 

A as 0*°27 t & = 33°*02 < a (from curve) = 15°*75, 


























486 MESSRS. T. E. THORPE AND J. W. RODGER ON THE RELATIONS 
we obtain 


9-2541 

7)1 ~ (133-60 + <) rs8W * 


which gives an extremely good agreement with the observed values :— 


Mean temp. 

V • 

Difference. 

Observed (mean). 

Calculated. 

0-27 


•004000 

•000000 

6-68 



•000000 


•003540 

1 K tli S 1 

•000000 

1647 



- *000003 




*000000 

28-22 


•002963 

+ *000001 

33 02 


•002829 

•oooooo 


Isobutyl Chloride, (CH S ) 2 CH.CH 2 C1. 


A sample from Kahlbaum, after standing over phosphoric oxide for several days, 
was distilled, and the fraction boiling between 68°"33 and 69°"03 was used for the 
experiments. Bar. 750-7 millims. Corrected and reduced b.p. = 69°*02. 

Vapour density: 

Found, I. 47'07 ; II. 46‘90. Calculated, 46-20. 


Observations for viscosity:— 


Left limb. 

Eight limb. 

Temp, 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

V- 

0*35 

100-70 

•000043 

*005814 

036 

100-91 

*000043 

•005817 

5*96 

100-59 

*000045 

•005397 

5*98 

100*69 

•000045 

•005404 

11-93 

301*40 

*000049 

•005016 

1198 

101*45 

•000049 

005014 

18-70 

99-54 

•000051 

•004638 

- 18-69 

99-60 

•000051 

•004636 

23-41 

98-68 

•000053 

*004386 

23*55 

9875 

•000053 

•004386 

29*47 

100*88 

•000058 

•004104 

29-46 

100-95 

•000058 

•004101 

37*33 

10017 

•000062 

003766 

37-32 

100-32 

•000062 

•003770 

42*43 

100-94 

•000065 

•003576 

42-44 

10108 

•000065 

•003675 

48*70 

100 06 

■000068 

•003357 

48-73 

10014 

•000068 

•003361 

53*77 

99-30 

•000070 

•003194 

53-72 

99-39 

•000070 

•003800 

60*40 

10100 

000075 

•003002 

6013 

98-76 

•000075 

•003012 

65-34 

101-28 

•000078 

002882 

65-27 

101-22 

•000078 

: 

•002873 
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In reducing the observations, the value 0-8953 for the density at 0 °, and the 
relative volumes at different temperatures given by Pierre and Puohot (‘ Ann. de 
Chim. et de Phys.’ (4) 22 , 810), were employed. 

Taking 

Vi ss *005816 173 = '002877 173 (calculated) = '004091 

h — 0 o, 85 t a ss 65 o, 30 t 2 (from curve) = 29°‘78, 

we obtain the expression 

61-940 

V ‘ ~ (141-87 + t) 1 ™ * 

which gives values agreeing closely with those obtained by observation. 


Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

0°35 

•005816 

•005816 

•000000 

5-97 

•005401 

005409 

+ ‘000008 

1195 

•005015 

•005022 

+-000007 

18-69 

•004637 

•004635 

-•-000002 

23-47 

*004386 

•004388 

+-000002 

29-46 

•004102 

•004105 

+ •000003 

37-32 

•003768 

•003775 

+ •000007 

42-43 

•003575 

•003581 

+ 000006 

48-71 

003359 

•003364 

+ •000005 

53-74 

•003197 

003204 

+-000007 

60-26 

•003007 

•003013 

+ 000006 

65-30 

•002877 

•002877 

•000000 


Allyl Chloride. CH 8 :CH.CH,C1. 


Made by the action of phosphorus trichloride on allyl alcohol by Mr. J. G. Salt- 
harsh, A.R.C.S., to whom we are indebted for the preparation of the other haloid 
derivatives of allyl employed by us. The purified product boiled between 44 0, 95 and 
45°'13. Bar. 752'4 millims. Corrected and reduced b.p. = 45°*29. 

Vapour density: 

Found, 38*54. Calculated, 38'18. 

Observations for viscosity 
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Left limb. 

Right limb. 

-1 

Temp. 

Press. 

Gorr. 

7- 

Temp. 

Press. 

Corr. 


(H>0 

100*53 

•000067 

•004036 

0°56 

100-44 

*000067 

*004035 

5-95 

100-38 

•000070 

•003797 

602 

100-32 

•000070 

•003804 

1119 

10021 

•000074 

003596 

1120 

10015 

•000074 

•003600 

16-68 

100-06 

•000077 

•003406 

1664 

100-05 

•000077 

•003409 

21-94 

99-92 

•000080 

•003228 

21-93 

99-87 

•000080 

•003232 

28-34 

98-69 

•000083 

•003038 

28-31 

98-68 

•000088 

•003039 

33-98 

98-48 

•000086 

•002884 

33 96 

98-40 

•000086 

•002887 

38-34 

98-31 

•000089 

002776 

38-41 

98-24 

•000089 

•002773 

4210 

98-08 

•000091 

•002680 

1 

4211 

98-02 

•000091 

•002683 


The value 0’9610 for the relative density at 0 °, and the expression 

Y = 1 + -0 a 13218* + -0 b 5078« 2 - *0 7 41915« s 

for the thermal expansion (Zander, ‘ Annalen,' vol. 214, p. 143), have been employed 
in the reduction of the observations. 

Taking 

7 )j = ’004035 173 = ’002681 773 (calculated) = ’003289 

t x = 0°’53 t 3 = 42 o, 10 t s (from curve) = 20° 10, 

we obtain the formula 

27*705 

1,1 ~~ (157-08 + 0 17 " 9 * 


which gives results in good agreement with those obtained by observation. 


Mean temp. 

V • 

Difference. 

Observed (mean). 

Calculated. 

0-53 

•004035 

•004035 

•000000 

5-98 

003800 

•003803 

+ 000003 

1119 

•003598 

•003599 

+ -oooooi 

16-66 

•003408 

*003404 

-•000004 

21-93 

•003230 

•003231 

•f ‘000001 

28-32 



•000000 

33-97 

•002885 

•002884 

-•000001 

38-37 

•002774 

•002771 

-•000003 

42-10 

*002681 

•002681 

•000000 


Methylene Chloride. CHjC1 2 . 

A quantity of this liquid, obtained from Kahlbaum, was placed over phosphoric 
anhydride and distilled. It boiled between 40°’68 and 40 o, 88. Bar. 769*2 millims. 
Corrected and reduced b.p. = 40°‘41. 
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Vapour density: 

Found, 42-42. Calculated, 42-87. 


The observations for viscosity were as follows :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

*}• 

Temp. 

PresB. 

Corr. 

V • 

0*49 

100-42 

•000071 

•005335 

0*44 

100-35 

•000071 

005324 

5-76 

100-33 

■000074 

•005017 

5-71 

10023 

•000074 

•005028 

10] 5 

10031 

•000077 

•004793 

10-22 

100-17 

•000077 

004796 

15-45 

100*28 

■000081 

•004548 

15-45 

100-14 

•000081 

•004552 

20-53 

100-25 

•000084 

004327 

20-54 

10009 

•000084 

•004333 

2500 

L00* 16 

•000087 

004131 

2558 

100 02 

*000087 

•004144 

30-96 

10001 

•000091 

•003930 

31-00 

99-93 

•000091 

•003936 

37-53 

99-98 

i 

•000095 

•003703 

37-50 

99-84 

•000095 

003712 


In reducing the observations we have adopted Perkin’s value for the relative 
density e£(15 0 /15°) = 1-3377, and the expression 

V = 1 + "0 2 130805* + ‘0 5 2735£ 2 — -0 8 133* 3 , 

already given by one of us (Thorpe, loc. cit.), for the thermal expansion. 

Taking 

Vl = -005329 r) 9 = -003707 t h (calculated) = '004445 

= 0°-46 t 3 = 37°-51 t 2 (from curve) = 17°-82, 

we obtain the formula 

5-8778 

1)1 ~ (128-88 4- <) W408 ’ 


which gives values in close agreement with those obtained by observation. 


Mean temp. 

V' 

Difference. 

Observed (mean). 

Calculated. 

0-46 

005329 

■005329 

•000000 

5-73 

•005023 

•005031 • 

+ -000008 ! 

10-18 

•004794 

•004801 

■f *000007 

15-45 ! 

•004545 

•004551 

4 *000006 

20-58 

•004330 

•004329 

- -000001 

25-59 

•004187 

•004126 

- -000011 

80-98 

•003933 

•003928 

- *000005 

8751 

•003707 

•003707 

*000000 


JfDCCCXCI V, —A. 3 R 
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Ethylene Chloride. CH 2 C1.CH 2 C1. 


A specimen of this liquid was dried over phosphoric anhydride and distilled. It 
boiled between 83°*91 and 84 o, 08. Bar. 761*0 millims. Corrected and reduoed 
b.p. 88°*98. 

Vapour density : 

Found, I. 48*99; II. 49*29. Calculated, 49*37. 


Observations for viscosity :— 


Left limb. 

Right limb. 

Temp. 



B| 

Temp. 

Press. 

Corr, 

V- 

0*33 


*000042 

•011194 

0-30 

127*96 

•000042 

011229 

7*22 

12813 

•000046 

•010020 

7*24 

12797 

*000046 

*010022 

14*71 

12813 

•000051 

*008959 

1475 

127*99 

•000051 

•008964 

21*84 

128*26 

•000056 

•008126 

21*85 

12813 

•000056 

•008132 

2878 

128-21 

•00006.1 

*007408 

2878 

128*11 

•000061 

*007426 

3690 

12821 

•000066 

•006684 

36*87 

128-09 

•000066 

*006707 

43-88 

128-22 

•000071 

*006163 

43-90 

128*07 

•000071 

•006168 

51-78 

128-14 

•000077 

•005670 

51*69 

128*07 

•000076 

005666 

58*52 

128*19 

•000082 

•005265 

58*55 

128*05 

•000082 

•005273 

65*56 

128*23 

•000087 

•004907 

6551 

128*08 

•000087 

•004917 

72-98 

128-28 

•000092 

•004552 

7293 

128*14 

•000092 

•004564 

8106 

128*35 

•000098 

•004213 

81*09 

128*20 

•000099 

004221 


In reducing the observations the value 1*28082 for the density at 0 °, and the 
expression 

V = 1 + * 0 a l 15303* + *0 fl 825693* 3 + *0 8 9625* 8 


(Thorpe, loc. cit.) for the thermal expansion, have been adopted. 

Taking 

ijj = *011211 y s = *004$217 t)z (calculated) = *006876 

= 0°*31 * 8 = 81°*07 * 8 (from curve) = 34°*80, 

we obtain the formula 

24*256 

7)1 ~ (100*67 + <) 1#M1 * 


which gives the following calculated values:— 



















BETWEEN THE VISCOSITY OF LIQUIDS AND THEIR CHEMICAL NATURE, 491 


Mean temp, 

7* 

Difference, 

Observed (mean). 

Calculated. 

0°31 

011211 

•011211 

•oooooo 

723 

•010021 

•010041 

+ *000020 

14-73 

•008961 

•008978 

+ 000017 

21-84 

•008129 

•008128 

- -000001 

28-78 

*007417 

*007416 

- *000001 

3688 

•006695 

•006704 

+ *000009 

43 89 

•006166 

•006171 

+ *000005 

51-74 

•005668 

•005652 

- -000016 

58-53 

•005239 

•005256 

+ -000017 

85-53 

•004912 

•004893 

- *000019 

72-95 

•004558 

•004550 

- *000008 

81-07 

•004217 

•004217 

•oooooo 


Ethylidene Chloride. CH 3 .CHC1 2 . 


A sample, prepared from paraldehyde and free from phosphorus, was fractionated, 
and the portion boiling between 56°*84 and 57°'24 was employed for the experiments. 
Bar. 753 - 0 millims. Corrected and reduced b.p. = 57 0, 32. 

Vapour density : 

Found, 49‘38. Calculated, 49'37. 


Observations for viscosity :— 


Left limb. 

Right limb. 

Temp. 

Press, 

Corr. 

V • 

Temp. 

Press. 

Corr. 

V* 

7-06 

128-11 

000073 

•005682 

706 

12811 

*000073 

•005690 

11-34 

127*97 

000077 

*005400 

11*14 

127-94 

*000077 

•005426 

15-34 

128*25 

•000080 

*005153 

15*34 

128-22 

*000080 

•005160 

19-31 

128-25 

■000083 

•004933 

19*31 

128*14 

•000083 

*004934 

23-24 

12815 

•000086 

*004730 

23*21 

128*87 

*000086 

•004742 

27-84 

128*11 

•000089 

•004503 

27*86 

128 02 

•000090 

004510 

31-51 

12802 

•000092 

•004338 

31-59 

12797 

*000092 

•004337 

35-57 

128 00 

•000095 

•004156 

35-66 

127*88 

•000096 

•004165 

40-21 

127-82 

•000099 

•003973 

40-16 

127*75 

•000099 

*003980 

43-74 

128-41 

•000102 

•003834 

48-74 

128*35 

*000102 

•003838 

47-96 

12815 

•000105 

•003694 

47-94 

128*06 

*000105 

*003696 

54-54 

127-94 

•000110 

•003476 

54-54 

127-86 

*000110 

•003476 


In reducing the observations the value T2049 for the density at 0°, and the 
expression 


3 R 2 
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V = 1 + *0 3 128402< + *0 5 1890621 s + *0 8 78484 8 


(Thorpe, loc. cit.) for the thermal expansion, were used. 

Taking 

Vl - -005686 rj 3 = -003476 rj 2 (calculated) = *004446 

= 7°06 < 3 = 54°-54 t, 2 (from curve) = 29°-06, 

we obtain the formula 

22-247 V 

^ — (132-02 + <) r8768 ’ 


which gives values in close agreement with those obtained by observation. 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

7*0(5 

•005686 

•005686 

•oooooo 

11-24 

•005413 

•005411 

- -000002 

15*34 

•005156 

•005161 

+ -000006 

19-31 

-004934 

•004936 

+ -000002 

23-22 

•004736 

•004729 

- -000007 

27*85 

•004506 

•004502 

- -000004 

31-55 

•004337 

•004333 

- 000004 

35-61 

-004160 

•004158 

- -000002 

40-18 

•003976 

•003975 

- -000001 

43*74 

•003836 

•003841 

+ -000005 

47*95 

•003695 

•003693 

- -000002 

54-54 

•003476 

•003476 

•oooooo 


Chloroform. CHC1 S . 

We are indebted to Mr. David Howard for the sample of pure chloroform which 
has served or our experiments. It was placed over phosphoric oxide for some hours 
and distilled. It boiled completely between 61°'43 and 61 0, 58. Bar. 764‘0 millims. 
Corrected and reduced b.p. = 61 0, 34. 

Vapour density: 

Found, 59-40. Calculated, 59-55. 


Observations for viscosity :• 
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Left limb, 

Bight limb. 

Temp. 

Press. 

Corr. 

i 

- i 

Temp. 

Press. 

Oorr. 

i/* 


100*46 


■■■ 

0*33 


HRRI 

*006984 

5-27 

100*53 


*006590 

5*26 



006598 

HI 

100*23 


Mil l 1 \'} 

10*29 

u Jp| 


•006245 

15*89 

100*16 


*005873 

15*95 

Bit II Hill 

*000070 

*005879 

21*42 

100*11 


*005558 

21*42 

99*98 

*000073 

*005566 

25*93 

100*01 



25*94 

99*89 

*000076 

005321 

31*45 

99*99 


*005037 

31*49 

99*83 

*000079 

*005042 

3681 

99*90 


•004784 

36*83 ! 

99*79 

*000083 

*004791 

42*07 

99*81 


*004563 



*000086 

*004565 

46*88 

100*66 


*004376 

46*88 

100*53 

*000089 

*004380 

52*75 

100*67 


*004152 

52*70 


*000093 

•004160 

56*95 

100*66 



56*94 


•000096 

•004012 


In reducing the observations we have employed the value 1*52637 for the density 
at 0°, and the expression 

V ss 1 + *0 S 123024« + •0 6 17 1 383« a + 

for the thermal expansion (Thorpe, loc. cit.). 

Taking 

= *006979 t? 3 = *004006 i? 2 (calculated) = *005288 

=r 0°*33 t z = 56°*94 t 2 (from curve) = 26°*48, 

we obtain the formula 

70*4244 

V ‘ ~ (158*33 + 0 1 ' 8196 ’ 


which gives results in 


very good agreement with those obtained by observation. 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

0*33 

*006979 

•006979 

•000000 

5*26 

•006594 

*006601 

+ -000007 

10*26 

•006242 

•006250 

+ -000008 

15*92 

*005876 

*005885 

+ -000009 

21-42 

*005562 

*005562 

•oooooo 

25-93 

*005314 

•005316 

+ -000002 

31*47 

*005039 

*005037 

— 000002 

36*82 

*004787 

*004789 

*000002 

4206 

*004565 

•004564 

- -000001 

46*88 

*004378 

•004370 

- -000008 

52*72 

•004156 

•004153 

- -000003 

56*94 

•004006 

•004006 

•oooooo 
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Carbon Tetrachloride. CC1* 

The sample employed for our observations was obtained by repeatedly agitating a 
quantity of the rectified liquid with potash solution, decanting, drying over phosphoric 
oxide, and fractionating. The liquid was eventually found to boil constantly at 
76°-76. Bar. 755*4 millims. Corrected and reduoed b.p. = 76 0, 96. 

Yapour density: 

Found, 76*62. Calculated, 76*74. 


Observations for viscosity :— 




Left limb. 

Right limb. 

Temp. 

Press. 


H| 

mm 

Press. 

Corr. 


0 f 61 

129-68 

•000045 

■013320 

0-60 

129*48 

mm 

013323 

7*20 

129-47 

*000050 

*011864 

7-10 

129*33 


*011905 

14-90 

129*32 

•000056 

•010467 

14*88 

129*23 


010487 

21*20 

129*34 

*000061 

*009513 

21*23 

129*17 

•000061 

009522 

27*55 

129*13 

*000066 

•008705 

27*57 


•000066 

*008706 

35*21 

12897 

*000072 

•007847 

35*22 

128*88 

*000073 

•007864 

4208 

128*71 

*000078 

•007194 

42*08 




49*52 

12852 

•000084 

■006565 

49-50 

128-39 

•000084 

006569 

56*26 

128*36 

*000090 

■006075 

56-31 

128*26 




128*17 

*000096 

•005653 

62*87 



■ 

69*87 

127*76 

000102 

*005243 

69*91 

127*59 



74-21 

127*64 

*000106 

*005013 

7412 

127-53 

•000105 

•005020 


In reducing the observations we have adopted the value d( 0°/4°) = 1*63195 for the 
density, and the expression 

V = 1 -f *0 a 120719* + *0 6 67l09e s + *0 7 134 78* 8 

for the thermal expansion (Thorpe, loc. cit.). 

Taking 

ij x = *013322 r/ & = *005017 % (calculated) = *008175 

t x = 0°*60 t 3 = 74°*16 (from curve) = 32° 17, 

we obtain the expression 

_ 32-780 

Vt ~ (95 05 + 0 1 ' 71 ® 1 * 

which gives the following calculated values:— 
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Mean temp. 

.-.... 

— ■ ■ ■ ..— ..-"T——... 

Difference. 

Observed (mean). 

Calculated. 

* 

0-60 

*013322 

•013322 

*000000 

715 

*011884 

•011893 

■f -000009 

14 89 

•010470 

*010496 

+ *000020 

21*21 

*009517 

•009538 

+ 000021 

27*56 

•008705 

•008708 

+ 000003 

35*21 

•007855 

•007851 

- -000004 

42*08 

*007198 

•007190 

--000008 

49-51 

•006567 

•006569 

+ -000002 

56*29 

*006078 

•006073 

- -000005 

62*87 

*005659 

*005646 

- 000013 

69*89 

005246 

*005241 

- 000005 

74*16 

•005017 

*005017 

•oooooo 


Carbon Dichloride. CC1 2 :CC1 2 . 


A large quantity of this liquid was distilled, washed with water and a dilute 
solution of potassium carbonate, dried over phosphoric anhydride and carefully 
fractionated. Eventually, after repeated fractionation, a portion was obtained which 
boiled between 120 o, 73 and 120°*85. Bar. 761'15 millims. Corrected and reduced 
b.p. = 120°74. 

Vapour density: 

Found, 82*21. Calculated, 8274. 


Observations for viscosity :— 



Left limb. 


! 

Bight limb. 


Temp. 

Press. 

Corr. 

B 

Temp. 

1 

Press. 

Corr. 

V- 

o 

0-41 

130-62 

mgm 

•011331 

046 

130-46 

*000054 

•011329 

11-44 

130*60 


•009854 

11-41 

130-43 

•000061 

•009870 

22-30 

130*56 


•008683 

22*30 

130-42 

*000069 

•008700 

3239 

180*46 

*000075 

•007821 

32-28 

130-34 

•000075 

•007858 

42-76 

130*41 

*000082 

•007068 

42-80 

130-25 

•000082 

•007074 

62-68 

130*37 

*000089 

•006448 

52-69 

130-21 

•000089 

*006456 

64*16 

130*68 

•000097 

•005839 

6413 

13055 

*000097 

•005852 

74-69 

130*61 

*000104 

005349 

74-66 

13047 

*000104 

005363 

8671 

130*64 

*000112 

•004914 

85-80 

130-47 

*000112 

•004908 

95*69 

130*62 

-000119 

•004549 

95-62 

130-46 

•000119 

-004554 

106*04 

130*50 

-000126 

•004218 

10603 

130-32 

•000126 

•004224 

117*00, 

130-46 

•000134 

•003902 

11713 

130-33 

•000134 

•003900 
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The published determinations of the density of carbon dichloride are very discrepant, 
owing, doubtless, to the difficulty of obtaining this substance pure. Two determi¬ 
nations of the sample used by us gave at 0° the values 1-65514 and 1*65505, the mean 
of which (1 *6551) has been employed in the reductions. 

For the thermal expansion we have adopted Pierre’s observations (‘ Annales de 
Chim. et de Phys.’ (3), 33, 233). 

Taking 

ifj = *011330 r) a = *003901 % (calculated) = *006648 

fj = 0 o, 43 t 3 = 117°*09 t 2 (from curve) = 49°*82, 

we obtain the formula 

30-656 

^“(126*17 + *)"»"' 


which gives the following calculated values:— 


1 

1 

Mean tomp. 

l h 

Difference. 

Observed (mean.) 

Calculated. 

043 

*01133 

-01133 

•00000 

11*24 

*00986 

00991 

4- -00005 

2230 

*00869 

*00874 

+ 00005 

32-34 

•00784 

•00785 

+ 00001 

42-78 

•00707 

•00707 

•00000 

52*68 

*00645 

■00645 

•ooooo 

64*14 

*00585 

*00582 

- -00003 

74-67 

-00536 

■00533 

- 00003 

85*75 

*00491 

*00489 

- -00002 

95-60 

*00455 

*00454 

- -00001 

10603 

•00422 

•00421 

- -ooooi 

11709 

•00390 

•00390 

•ooooo 


Sulphur Compounds. 

Carbon Bisulphide. CS a . 

A sample from Dr. Perkin, after digestion with phosphoric oxide, was djHtlllad . 
It boiled between 46°*63 and 46°"68. Bar. 766-0 millims. Corrected and reduced 
b.p. = 46°*42. 

Vapour density: 


Found, 37*59, 


Calculated, 38*00. 
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The observations for viscosity gave 


Bight limb. 

Left limb. 

Temp. 

Press. 

Corr. 

v- 

Temp. 

Press. 

Corr. 

V' 

0-40 

10015 

•000082 

•004274 

■ 

0 

0-39 

100-01 

*000082 

•004287 

4-87 

100-22 

•000085 

•004122 

4*90 

100*09 

*000085 

•004128 

9-44 

100-57 

wiVivw 


9-46 

100*42 

•000088 

•003977 

14-93 


IvAtII 


14-89 

100*51 

•000091 

*003815 

19*93 

100 63 

wirmW 


19*96 

100*50 

*000093 

*003675 

$5-33 

100*39 


Ewl'wll 

25*36 

101*28 

•000096 

*003552 

30 31 

100 94 


lOlrKll 

30*30 

100*82 

•000099 

*003426 

35-52 

100-91 


mmm 

35*50 

100*78 

•000102 

*003287 

40-65 

100*82 


Bvrrvf’B 

40*59 

100*71 

■000105 

*003180 

45-98 

100-57 


HI 

45*94 

100*51 

i 

000107 

*003062 


In reducing the observations we employed d (0°/4°) = 1*29215 for the density, and 
the expression 


Y = 1 + -0 8 1150 56« + -0 5 111621t 2 + -0 7 17 4 551 8 


for the thermal expansion (Thoki-k, loc. cit.). 

Taking 

^ = *004280 7) S — -003060 (calculated) = ‘003619 

= 0 o, 40 t 3 = 45°’96 t 2 (from curve) = 22 o, 0l, 


we obtain the formula 


24379 

1,1 ~ (199-17 + () i e3ia ’ 


which gives numbers in very close accord with those obtained by observation. 


| 

Mean temp. 

V* 

Difference. 

Observed (mean). 

Calculated. 

0*40 

*00428 

• *00428 

00000 

4-88 

•00413 

*00413 

*00000 

9*45 

*00397 

*00398 

+ -00001 

14-91 

*00381 

•00382 

+ -00001 

1994 

*00367 

*00368 

+ -ooooi 

25-34 

•00356 

*00353 

- 00003 

30-30 

•00342 

*00341 

- 00001 

35-51 

•00828 

*00328 

•ooooo 

40-62 

■00317 

•00317 

•ooooo 

45-96 

•00306 

*00306 

•ooooo 


3 s 
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Methyl Sulphide. (CH^jS. 

A quantity of methyl sulphide was dried over phosphoric oxide and fractionated. 
The greater portion was eventually found to boil between 37°*13 and 87°*45. 
Bar. 7G5‘4 millims. Corrected and reduced b.p. = 37°*52. 

A determination of vapour density gave :— 

Weight of liquid.0*0614 gram. 

Volume of vapour.81*61 cub. centim 

Temperature.14°*8. 

Pressure.215*93 millims. 

Found, 31*17. Calculated, 31*00. 


The vapour density observation was, made at 14°*8—the atmospheric temperature, 
as the substance was completely volatilised under the diminished pressure (215*9 
millims.) employed in the experiment. 

The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr, 

V- 

0*25 

101-64 

•000070 

•003528 

0 

0*29 

101*55 

•000070 

*003530 

5*50 

101*62 

•000073 

003349 

5*56 

101*53 

*000073 

003353 

1004 

101*59 

•000076 

•003210 

1007 

101*51 

•000076 

•003208 

1475 

101*59 

■000078 

*003071 

14-75 

101*50 

*000078 

*003079 

20-18 

101*61 

•00008] 

•002927 

20*20 

101*50 

•000081 

002927 

26*13 

101*61 

•000085 

•002774 

2615 

101*50 

•000085 1 

002779 

81*85 

101*60 

•000088 

•002651 ! 

31*35 

101*51 

•000088 ; 

•002659 

3578 

101*61 | 

j 

•000090 

•002559 1 

35*84 

101*51 

•000090 ; 

! 

■002559 


In reducing the observations the density was taken as d( 0°/4°) = 0*8702 and the 


thermal expansion as 


V = 1 + *0gl32607J -}-;0 6 2130214* 2 + *0 7 232968 


(Thorpe and L. M. Jones, loc. cit.). 

Taking 

t) : — *003529 = *002559 % (calculated) = *003005 

as 0°*27 t s = 35°*81 t a (from curve) = 17°*20, 


we obtain the formula 
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' ' ' 91-768 . : 

Vi ~ (170-34 + I)"** 1 ’ 

which gives results in excellent agreement with those obtained by observation. 


Mean temp. 

7- 

Difference. 

Observed (mean), 

Calculated. 

0-27 

*003529 

003529 

•000000 

5-50 

•003351 

•003351 

•000000 

1005 

003209 

•003210 

+ *000001 

1475 

*003075 

003073 

- -000002 

2079 

*002927 

•002926 

-*000001 

2614 

*002776 

•002777 

4- *000001 

31*35 

•002655 

•002656 

+ *000001 

35*81 

•002559 

*102559 

•000000 

* .. 

_ „ _ _ _ 

_ _ _ 

__ _ - _ _ 


Ethyl Sulphide, (CU 3 .CH 2 ) 2 S. 


About 200 grams of ethyl sulphide were dried over phosphoric oxide and distilled. 
By far the greater portion boiled between 91°-23 and 9l 0- 53, Bar. 743‘7 millims 
Corrected and reduced b.p. = 92°-l. 

Vapour density: 


Found, 44-73. Calculated, 45‘0. 

The observations for viscosity gave :— 


Left limb. j 

1 

Eight limb. 

Temp. 

Press. 

Corr. 

7 - I 

Temp. 

Press. 

Corr, 

7 - 

019 

101*99 

•000044 

*005570 ; 

0*23 

101-92 

000044 

005580 

8-34 

10198 

•000047 

•005056 : 

8-30 

101*90 

•000047 

•0050U2 

15-84 

101-97 

•000051 

•004044 ! 

15*87 

101-89 

•000051 

-004646 

24-65 

101*91 

•000055 

*004234 

24-63 

101-85 

*000055 

*004240 

32*64 

10184 

•000059 

*003897 

32-63 

101*78 

-000059 

*003900 

40-25 

101-81 

*000063 

■003625 1 

40*13 

101*73 

000062 

•003631 

47-74 

10149 

•000066 

•003381 

47-76 

101-43 

000066 

003381 

56-51 

10147 

•000070 

*003122 i 

5647 

101-39 

•000070 

•003129 

63*54 

101-46 ! 

•000074 

•002943 

63-40 

•101-38 

*000074 

002951 

71-21 

101-47 ; 

•000078 

*002762 

71-30 

101-39 

*000078 

•002761 

80-28 

101-48 

•000082 

•002563 

8035 

101-39 

*000082 

002562 

87-96 

101-49 

•000086 

•002405 i 

88-04 

101-44 

*000086 

•002407 


In reducing the observations we have adopted Pierre’s value d ( 0 °/ 0 °) = 0*83672 
for the relative density, and his expression 

3 s 3 
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V= 1 + *0 S 11964* + '0 S 18065«* + '0 8 7 8 82 U 8 

for the thermal expansion (‘ Annales de Chim. et de Phys.,’ (8), S3, 215). 
Taking 

v} x = '005575 ij a = '002406 % (calculated) = '003663 

<! = 0°'21 <3 SB 87°'99 t 2 (from curve) = 39°'05, 

we obtain the foi’mula 

49886 

Vl ~ (14915 + <) 1WC ’ 


which gives results in good agreement with the values obtained by observation. 


Mean temp. 

n- 

Difference. 

Observed (mean). 

1 

Calculated. 

0-21 

•005575 

*005575 

*000000 

8-32 

•005059 

*005064 

- *000005 

15-85 

004645 

•004652 

+ *000007 

24*04 

*004237 

004233 

- -000004 

32*03 

*003899 

003901 

+ -000002 

40*19 

•003628 

•003623 

- 000005 

47*75 

•003381 

*003374 

- -000007 

56*49 

•003126 

003118 

- -000008 

63*50 

•002947 

*002933 

- 000014 

71*25 

•002761 

*002749 

- -000012 

8031 

•002563 

*002555 

- -000008 

87*99 

•002406 

002406 

•000000 


Thiophen. CH:CH.S.CH:CH. 

I_J 

A quantity of thiophen, after drying, was carefully fractionated, and the portion 
boiling between 84°'18 and 84°'38 was collected and employed for the viscosity 
observations. Bar. 759'0 millims. Corrected and reduced b.p. 84°'8. 

Vapour density:— 

Found, 41 '5 7. Calculated, 42'00. 


The observations for viscosity gave :— 
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Left limb. 

- 

Eight limb. 

Temp. 

Press. . 


Wm 

Temp. 




0*24 

102*43 

*000036 

*008672 

0°25 

102*30 

•000036 

•008680 

8*89 

102*41 

*0000 tl 

*007688 

8*40 

102*33 

*000041 

*007697 

16*66 

102*03 

*000045 

*006869 

16*36 

101-92 

*000045 

•006883 

22*55 

102*10 

*000048 

*006381 

22*45 

101-96 

*000048 

*006388 

3115 

102-16 

*000053 

*005749 

31*09 

102*00 

*000053 

*005758 

87*85 

101*77 

*000056 

*005324 

37*82 

101*67 

*000056 

*005332 

4493 

101*72 

*000060 

•004934 

44*95 

101-61 

*000060 

004935 

53*14 

101*75 

*000065 

•004539 

53*02 

101*62 

*000064 

*004541 

61*85 

101*83 

•000070 

*004162 

61*48 

101-69 

•000069 

004179 

68*61 

101*89 

*000073 

*003907 

68*60 

101-78 

*000073 

•003907 

75*10 

101*88 

*000077 

*003079 

75*03 

101*77 

*000077 

•003685 

82*50 

101*93 

*000081 

*003448 

82*56 

101*81 

*000081 

003446 


In reducing the observations we have employed Schiff’s values for the thermal 
expansion (‘Ber.’, 18, a, 1605), and the number d(0°/0°) = 1*0884 for the relative 
density. 

Taking 

ij, = *008676 = *003447 (calculated) = *005469 

t l — 0°*24 t<i = 82°*53 t 2 (from curve) = 35°*52, 

we obtain the formula 

_ 15*677 

V ‘ ~~ (105*87 + <)i'W H ’ 


which gives results in good agreement with those obtained by observation. 


Mean temp. 

7- 

Difference. 

Observed (mean). 

Calculated. 

0-24 

*008676 

...... 

•008676 

•000000 

8*39 

-007692 

007703 

+ *000011 

16-61 

*006876 

*006889 

+ 000013 

22-50 

•006384 

•006388 

+ '000004 

3112 

*005754 

*005754 

•000000 

37-83 

■005328 

•005328 

■000000 

44-94 

•004934 

•004930 

- -000004 

53*08 

•004540 

•004531 

- -000009 

61*66 

•004170 

004163 

- -000007 

68*60 

*003907 

•003900 

-•000007 

75*06 

*003682 

•003679 

- -000003 

82*53 

*003447 

-003447 

•000000 
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Ketones. 


Dimethyl Ketone (Acetone)- CH 3 .CO.CH 3 . 


A sample lent to us by Dr. Perkin was distilled : all came over between 55 0, 3 and 
55°‘5. It was redistilled : the portion collected for the observations boiled between 
55°-49 and 55 0 , 54. n = 8 °, t = 25 0, 5 (emergent column). Bar. 742‘6 millims. Cor¬ 
rected and reduced b.p. = 56 0, 22. 

Vapour density : 

Found, 28-51. Calculated, 29-00. 

\ 

Observations for viscosity gave :— 


Left limb. 

' . Right limb. 

Temp. 

Press. 

Oorr. 

'/• 

Temp. 

Press. 

Con*. 

V* 

7°94 

128-68 

•000078 

•003634 

7*79 

128*61 

•000078 

•003641 

11 71 

128*70 

*000080 

*003497 

11*74 

128 62 

•000080 

*003495 

15*24 

128*72 

•000082 

•008383 

15*24 

128-61 

*000082 

003370 

19*04 

128-85 

•000085 

•003254 

1901 

128 76 

•000085 

003202 

23*04 

128*84 

■000088 

003129 

22-99 

12876 

*000088 

‘003132 

2721 

129*09 

*000091 

*003004 

2724 

129 05 

*000091 

003010 

32*31 

138*62 

*000094 

*002861 

32*56 

128*61 

*000094 

•002865 

35*94 

128*51 

*000096 

*002774 

36*06 

128*46 

*000096 

•002770 

40*04 

128*40 

*000099 

•002683 

40-04 

128*34 

*000099 

•002678 

44 09 

128*34 

•000101 

*002586 

44*16 

128*29 

*000102 

•002583 

47*01 

128*30 

•000104 

*002501 

47*64 

128 21 

•000104 

•002506 

52*16 

128*18 

*000107 

*002405 

52*24 

128*10 

000107 

•002406 





53*86 

128 06 

•000108 

•002377 


In reducing the observations we have adopted the value d (0°/i°) = 0‘81858 for tbe 
density, and the expression 

V = 1 + -0*135293* + •0 E 302426<* - -0 9 29< 8 

for the thermal expansion (Thorpe, loc. cit.). 

Taking 

Vl — *003037 T) S = *002405 rj z (calculated) = '002958 

h - 7°‘86 < 3 = 52°-20 t s (from curve) = 29°-0Q, 

we obtain the formula 

_ 572-63 

Vt ~ (209-08 + t/**** ’ 

which gives results in very good agreement with those obtained by observation. 
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Mean temp. 

__’ - - _^ 

Difference. 

Observed (mean). 

Calculated. 

7*86 

•003638 

•0036:18 

•oooooo 

11*72 

*003495 

•003498 

+•000003 

15*24 

■003376 

*003377 

+ •000001 

19*02 

•003258 

•003254 

—*000004 

23*01 

003131 

•003130 

-000001 

27*22 

•003007 

*003008 

-1-000001 

32*43 

*002863 

•002865 

4**000002 

36*00 

*002772 

■ 002773 

+ *000001 

40*04 

•002675 

| -002674 

-*000001 

44*12 

*002584 

! -002579 

-—*000005 

47*62 

*002503 

•002502 

-*000001 

52*20 

*002405 

1 002405 

•oooooo 

53*86 

*002377 

i 002372 

-•000005 


Methyl Ethyl Ketone. CH 3 .CH 2 .CO.CH 3 . 


A quautity of this ketone, obtained from Professor Japp, and prepared by Kahl- 
baum from ethylic methaceto-acetate by Boking’s method (‘Annalen/ 204, 17) was 
dried by means of anhydrous copper sulphate and submitted to fractional distil¬ 
lation. Eventually a portion was obtained which boiled between 79° and 83°. 
Bar. 772’88 millims. 

The quantity of the material was insufficient to allow of further treatment. 

A vapour density determination gave 35‘14. Calculated, 36'00. 

The observations for viscosity gave :— 


Eight limb. 

Left limb. 

Temp. 

Press. 

Corr. 

V • 

Temp. 

Press. 

Corr. 


c 




0*32 

101*04 

*000044 

*005361 

7*04 

101-08 

•000048 

•004923 

7-04 

. 100'99 

•000048 

*004923 

14*09 

101*02 

*000051 

•004524 

14*11 

100*95 

*000051 

*004520 

21*26 

100-87 

•000055 

*004172 

21*36 

100*82 

*000055 

•004167 

28*39 

10073 

*000059 

*003860 

28*34 

100-69 

000059 

•093862 

35*44 

100-45 

*000062 

•003588 

35*41 

100*40 

*000062 

•003583 

42*44 

100-33 

•000066 

*003342 

42-54 

10030 

*000066 

*003343 

48*70 

100-28 

•000069 

*003152 

48*75 

100*20 

•000069 

*003146 

5593 

10021 

•000073 

•002945 

55-91 

100*13 

*000073 

*002944 

63*74 

10132 

•000078 

*002751 

G3-75 

101*25 

*000078 

*002750 

70-36 

101-28 

•000081 

*002596 

7076 

101*16 

*000081 

*002595 

76-28 

10171 

•000085 

*002464 

7623 

10+09 

*000085 

*002466 


In reduoing the observations we have adopted the value d (Q°/4°) = 0*8296 for the 
density, and the expression 
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V = 1 + •0*11865* + -0*33704< a - *0 8 58364<* 

for the thermal expansion (Thorpe and L. M. Jones, loo. tit). 

Taking 


% = *005861 

= *002465 

(calculated) = *003653 

*! = 0°*32 

<8 = 76°*25 

* s (from curve) = 34°*18, 

we obtain the formula 

_ 36*972 

Vl ~ (i 39*33 + tyi™ ’ 


which gives values in good agreement with those obtained by observation. 


Mean temp. 

V 

Difference. 

Observed (mean). 

Calculated. 

0°32 

*005361 

•005361 

•oooooo 

704 

*004923 

*004929 

+ 000006 

1410 

*004522 

•004580 

-h *000008 

21*31 

•004170 

*004173 

+ 000003 

28*36 

*003861 

•008864 

+ -000003 

35*42 

*003586 

•003589 

+ 000003 

42*49 

*003342 

•003343 

+ 000001 

48*72 

•003149 

003148 

- 000001 

55*02 

•002944 

•002943 

- -oooooi 

63*74 

•002750 

•002743 

- 000007 

70*26 

*002595 

•002592 

- -000003 

76*25 

*002465 

; 

•002465 

*000000 


Diethyl Ketone. CH s .CH 2 .CO.CH*.CH 8 .' 

A sample of this compound, lent to us by Dr. Japp, and prepared by Kaelbaum 
from barium propionate by Krafft’s method, was carefully fractionated, and 
eventually a portion was obtained which boiled between 100°*9 and 101 o, 95. 
Bar. 745*3 millims. Corrected and reduced b.p. = 102°*1. 

A determination of its vapour density gave 41*98. Calculated, 43*0. 

The viscosity observations gave:— 
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Left limb. 

Eight limb. 

Temp. 

Press. 

Con\ 

V> 

Temp. 

Press. 

Carr. 

*/• 

0°46 

100-33 

•000040 

•005913 

0-47 

100-26 

•000040 

*005915 

9-10 

100-29 

•000044 

*005299 

9-11 

100-22 

*000044 

•005305 ' 

18-70 

100-28 

*000049 

*004746 

18-71 

100*20 

•000049 

•004750 

27-07 

100-33 

*000053 

*004328 

2707 

100-21 

•000053 

•004329 

86-20 

100-39 

•000057 

•003937 

36-22 

100-31 

•000057 

003941 

44*70 

100-42 

•000061 

•003619 

44-70 

100*34 

•000061 

•003627 

53*46 

100-35 

•000066 

*003336 

53-42 

100*27 

*000066 

•003342 

62-41 

100-86 

•000070 

•003077 

62-46 

100-26 

*000070 

•003082 

72-21 

100-17 

•000075 

*002832 

7219 

100-10 

•000075 

•002835 

81-51 

99-90 

•000079 

002623 

8143 

99-86 

*000079 

002624 

90-97 

99-69 

•000084 

•002426 





98-79 

99-53 

•000088 

*002279 

98-85 

99-46 

•000088 

•002280 


In reducing the observations we have adopted the value d (0°/4°) = 0 - 8335 for the 
density, and the expression 

V = 1 + •0 S} 115342< + •0 5 188396« 2 + -() 8 3 2 0 21< 3 

for the thermal expansion (Thorpe and L. M. Jones, loc cit.). 

Taking 

r }l = -005914 t ) 3 — *002279 ij 3 (calculated) = -003671 

= 0°"46 « 3 = 98 0, 82 < 2 (from curve) = 43 0, 38, 

we obtain the formula 

_ 64-487 

V ‘ ~ (146-67 + ’ 


which gives the following calculated values :— 


Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

—- ——i 

0*46 

•005914 

•005914 

•000000 

9-10 

•005302 

•005318 

+ *000016 

18-70 

•004748 

•004757 

+ *000009 

27-07 

•004328 

•004339 

+ -000011 

36-21 

•003939 

•003944 

+ *000005 

44-70 

•003623 

•003624 

+ *000001 

53-44 

•003339 

•003335 

- -000004 

62-43 

•003079 

- -003073 

- -000006 

72*20 

•002834 

•002822 

- *000012 

81-47 

•002623 • 

•002613 

- -000010 

90 97 

•002426 

•002411 

— *000015 

98-82 

•002279 

•002279 

‘000000 


3 T 
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Methyl Propyl Ketone. CH 3 . (CH 2 ) 2 ,CO, CH 3 . 


A sample lent to us by Dr. Jxrp was placed over anhydrous copper sulphate 
and submitted to fractional distillation, and eventually a portion was obtained 
boiling between 102 o, 25 and 102°*55. Bar. 775'4 millims. Corrected and reduced 
b.p. = ior-7. 

Determinations of its vapour density gave (1) 42*97 ; (2) 42*78. Calculated 43*00. 

Observations for viscosity gave:— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Corr. 

V> 

0-41 

300-49 

*000037 

•006400 

0°-35 

100-41 



934 

100-45 

•000011 

•005697 

9*46 

100-35 



1830 

100-42 

•000045 

•005108 

18-80 

100-34 



2779 

100-39 

*000049 

*004589 

27-76 

100-32 


•004594 

3544 

100-38 

-000053 

*004231 

35-42 

100-32 


•004237 

45-27 

100-33 

•000057 

•003829 

45-31 

100-25 



53-90 

100-29 

•000062 

•003525 

53-98 

100-24 


•003525 

62*26 

10019 

•000066 

•003261 

62-23 

100-11 


igp 

7279 

100-62 

•000071 

•002979 

72-69 

100-58 


Hr wi- 

80*65 

100-51 

•000075 

•002785 


100-44 



9008 

100-49 

•000080 

•002574 

90 04 

100-41 


mm 

98*78 

100-50 

•000084 

002399 

9877 

100-40 


BBI 


In reducing the observations we have adopted Perkin’s value d (15°/ 1 5°) = 0*8124 
(which gives d (0 c /4°) = 0*8258) for the relative density, and the expression 

Y = 1 -+• *0 2 113087< + *0 6 2L255i 2 + *0 fl 98644< 8 , 

for the thermal expansion (Thorpe and L. M. Jones, loc. cit.). 

Taking 

rfy = *006404 rj 3 — *002400 % (calculated) — *003920 

s= 0°*38 t 3 = 98°*77 t a (from curve) = 43°*00, 

we obtain the formula 

— 51*543 

V ‘ ~~ (137*75 + ’ 


which gives the following calculated values:— 
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Mam temp. 

V • 

Difference* 

Observed (mean). 

Calculated. 

0*38 

•006404 

■006404 

•000000 

9-40 

•005692 

•005706 

+•000014 

1830 

■005109 

•005126 

+ •000017 

27.77 

•004592 

•004604 

+•000012 

35-43 

•004234 

•004239 

+•000005 

45-29 

•003831 

•003831 

•000000 

53*94 

•003526 

•003522 

-•000003 

62-24 

•003262 

•003260 j 

-•000002 

72-74 

•002980 

•002969 

-000011 

80-64 

•002787 

•002776 

-•000011 

9006 

•002574 

•002570 

--000004 

98-77 

•002400 

•002400 

•000000 


Acetaldehyde. CH 8 .OOH. 


A considerable quantity of aldehyde, obtained from Kahlbaum, was distilled from 
a water-bath, the temperature of which was not allowed to rise above 30°, and the 
fraction distilling between 20° and 23° was collected separately. This portion was 
then shaken for a few minutes with calcium chloride (comp. Pebkin, * Chem. Soc. 
Trans.,’ 1884, p. 475), filtered into a stoppered bottle, and placed in ice for about 
four hours to promote the separation of any metaldehyde. The liquid was again 
distilled, and the portion boiling between 20 o, 45 and 21 0, 93 was collected. Bar. 
755’6 millims. Corrected and reduced b.p. = 21 0, 4. 

A determination of the vapour density of this fraction gave 22 - 49 ; calculated 22'00. 

The observations for viscosity gave :— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Corr. 

V- 



•000081 

•002666 

0*35 

100-76 

•000081 

*002659 

5-34 


•000084 

•002540 

5-36 

100-60 

•000084 

•002536 

055 

100-54 

•000086 

•002440 

957 

100*49 

•000087 

•002443 

13-91 

100-47 

•000089 

•002346 

13-93 

100*41 

•000089 

•002343 

1920 

10031 

■ 

•0Q0092 

•002232 

1914 

1 

100*23 

•000092 

•002237 


In reducing the observations, we have employed the value d (0°/0°) = 0*80092 for 
the relative density, and the expression 

• Y = 1 -f *0,154642 + •0 5 69745t 8 

for tiie thermal expansion (Kopp, * Jahresberioht,’ 1847-48, p. 66). 

>•■ *'■ 8 t 2 
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Taking 

= *002668 t] 3 sb '002234 i? s (calculated) s= *002489 

t x sb 0°*38 t 8 = 19°*17 (from curve) = 9°*60, 

we obtain the formula 

__ 15652*2_ 

Vt “ (28611 + If 1 ”** 

which gives numbers in almost exact agreement with the observed values. 


i 


i 


Mean temp. 


0*38 

5'35 

9*56 

13*92 

19*17 


V 

, 

Difference. 

Observed (mean). 

Calculated. 

•002663 

•002663 

•000000 

•002538 

•002538 j 

•000000 

*002442 

| -002440 

- -000002 

*002345 

, -002344 

- -000001 

.*002234 

1 , *002234 

j ; 

•oooooo 


Acids. 

Formic Acid. H.COOH. 


We are indebted to Dr. Perkin for the sample of formic acid which has served for 
our observations. It was a portion of that employed by him in determining the 
magnetic rotary polarization of this substance. It boiled at 101° (corrected). 

The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Corr. 

»/• 

7*59 

128*61 

•000018 

*023864 

. 7*59 

128-50 

•000018 

•023837 

15*94 

128 66 

*000021 

*019513 

1 15*99 

12852 

*000021 

•019503 

2416 

128-70 

*000026 

•016336 

24’16 

128-60 • 

•000026 

•016353 

32*89 

128*35 

*000031 

*013777 

32*84 

128-29 

*000031 

•013811 

40*44 

128-32 

•000035 

•012058 

40*29 

12819 

*000035 

•012092 

4806 

128*37 

*000039 

*010628 

48*01 

128*21 

*000039 

•010654 

56*31 

128*26 

*000044 

•009359 

!| 56*29 

128*13 

*000044 

•009380 

64*16 

128*22 

*000049 

•008373 

64*24 

128*07 

•000049 

•008879 

72*06 

128*21 

*000054 

•007537 

72*04 

128*08 

•000054 

•007546 

-80*24 

128*00 ; 

*000059 *1 

- -006801 

8019 

127*86 

-.000059 

•006817 

88*24 

128*17 

*000064 

•006176 

8814 

127*90 

•000064 

•006195 

97*19 

12818 

*000071 j 

. 

' -005582 

97-26 

128-05 

•000071 

005596 
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In reducing the observations, Zander’s expression (‘ Annalen/ 224, 59, 1884) for 
the thermal expansion, 

V= 1 + *0 3 95 7 94* + *0 3 9647* 8 + *0 8 45 7 29< 3 , 

was employed: this affords values closely concordant with those given by that of 
Kopp : for the relative density we have adopted the mean of the concordant observa¬ 
tions of Landolt and Zander, viz., d (0°/0°) — 1*2424. 

Taking 

iji = *023851 tj a — *005584 (calculated) = *011540 

t i = 7°*59 t s = 97°*23 ( 2 (from curve) = 43°*07 

we obtain the formula 

32-8143 

V ‘ ~ (59*799 + O 17164 ’ 

which gives calculated values which agree closely with those obtained by observation. 


Mean temp. 


Difference. 

Otwerved (mean). ! 

Calculated. 

7-59 

•02385 

•02385 

00000 

1596 

*01951 

•01951 

•00000 

2416 

-01635 

01635 

•00000 

32*86 

•01379 

•01381 

+ -00002 

40-36 

•01208 : 

•01208 

•00000 

48-03 

•01064 

•01064 

*00000 

56*30 

■00937 

•00938 

4- *00001 

64-20 

■00838 

•00837 

- *00001 

7205 

•00754 

•00754 

•ooooo 

80-22 | 

•00681 

•00680 j 

- 00001 

88*19 1 

00619 

•00618 

- *00001 

97-23 

•00558 i 

i 

00558 

•ooooo 


Acetic 'Acid. CH S .COOH. 

A quantity of “ pure ” glacial acetic acid was cooled below its freezing point, and 
the liquid portion drained from the crystals. These were melted, again frozen, and 
drained as before, the process being repeated four times. The residual portion was 
then melted and placed over anhydrous copper sulphate for several days. The clear 
liquid was decanted and distilled. It boiled at 117°*8. Bar. 754*2 millims. Cor¬ 
rected and reduced b,p, as 118°*1. 

As is well known the vapour density of acetio acid is anomalous The observations 
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of Ramsay and Young, however, render it possible to calculate the vapour density 
of the pure acid at different temperatures and pressures. We accordingly made a 
determination of the vapour density of the acid employed by us with the following 
results:— 

Weight of liquid, 0*0755 grm. Volume of vapour, 79*8 cub. centime. 
Temperature, 100 °* 66 . Pressure, 240*8 millims. 

Found, 45*78. Calculated (R. and Y.), 45*8. 

The observations for viscosity gave:— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 

V* 

Temp. 

Press. 

Corr. 

*1' 

13-23 

128-79 

•000028 

•013577 


128-73 

•000028 

•013605 

21-90 

128*68 

•000031 

•011761 



•000032 

•011761 

80-87 

128-63 

•000036 

■010247 


128*54 

■000036 

*010257 

33-91 

128*59 

•000040 

-009026 

39*85 

128-47 

•0000*10 

•009037 

48*50 

128*51 

•000045 

■008055 

48-45 

128-42 

■000045 

•008059 

57-46 

128-33 

•000049 

•007201 

57-45 

128*39 

*000049 

•007221 

08-15 

128-59 j 

*000055 

•006373 

68 06 

128-50 

•000055 

•006383 

76*60 

128*60 | 

•000060 

•005807 

76-72 

128-47 

•000060 

•005800 

84*52 

128*64 1 

•000064 

•005338 

84-55 

128-52 

•000064 

•005344 

9396 

128-72 

•000070 

•004844 

93-99 


*000070 

•004845 

103-90 

128*90 

•000076 

•004409 

101*89 


•000075 

•004490 

11247 

128-92 

•000081 

1 

•004067 

112-67 

128-83 

•000081 

•004056 


For the relative density we have adopted the mean of the closely concordant values 
of Rosooe, Landolt, Oudemans, and Zander, viz., d(0 °/0°) = 1*0711, and for the 
thermal expansion the mean of the formulae given by Kofp and Zander : 

V = 1 + *0jl06001< -f *0 6 15 4 79<® + *0 7 102597< 3 . 

Taking 

■* 7 i = ‘010252 ij 3 = *004062 (calculated) = *006458 

h = 80°*86 < 3 = 112°*57 t 2 (from curve) = 67°*12, 

we obtain the formula 

^ __ 267-814 

Vt ~ (112*207 + O 3 04 ** ’ 

which gives values which agree closely with those obtained by observation at 
temperatures above 30°. 























RlfWIMK THE, VJSOOSCTT OF LIQUIDS AND THEIR CHEMICAL NATURE. 5U 


Mean temp. 

n 

k 

Difference. 

. 

Observed (mean). 

Calculated. 

0 

3086 

*01025 

•01025 

•ooooo 

39-88 

•00903 

*00905 

+ *00002 

48-47 

•00806 

•00808 

+ -00002 

57-46 

•00721 

•00723 

+ -00002 

68*10 

•00638 

•00638 

•ooooo 

78-66 

•00580 

•00580 

•ooooo 

84-53 

■00534 

•00534 

•ooooo 

93-97 

•00484 

•00486 

+ -00002 

102-89 

•00445 

•00445 

•ooooo 

112-57 

i 

00406 

00406 

•ooooo 


Propionic Acid. CH 3 .CH 2 .COOH. 


A sample of the pure acid received from Dr. Perkin was distilled, and the portion 
boiling between 140 o- 52 and 140 o, 6ft - was collected separately, n — 10°‘5, t = 32°‘5 
(emergent column). Bar. 758‘1 millims. Corrected and reduced b.p. = 140 o, 7G. 

The observations for viscosity gave :— 


Left limb. j 

_____ 

Right limb. 

Temp. 

Frees. 

Corr. 

V • 

Temp. 

Press. 

Corr. 

V • 

o 

4*54 

12866 

•000026 

•014076 

o 

4*86 

12862 

■000026 

*014008 

1683 

128*61 

*000031 

*011504 

1691 

128-52 

•000031 

•011508 

2819 

128-87 

•000036 

•009790 

28*23 

128-80 

•000036 

•009785 

4004 

128*96 

•000041 

•008387 

40-05 

128*85 

*000041 

•008399 

52-04 

12871 

•000047 

•007280 

52-02 

128-57 

•000047 

•007297 

63*60 

128-81 

•000052 

•006423 

63*67 

128-69 

•000052 

•006423 

76-35 

128*87 

•000058 

•005644 

77’05 

128*77 

*000058 

•005604 

8894 

128-88 

*000066 

•004989 

9019 

128*79 

•000066 

*004939 

101-04 

128-49 

•000071 

•004478 

100-99 

12839 

•000071 

•004481 

112-98 

128-43 

•000077 

•004034 

112-98 

128-32 

•000077 

•004033 





112-37 

12832 

•000077 

•004049 

12363 

128-37 

•000083 

•003676 

123-71 

128-30 

•000083 

003679 

13702 

128-42 

•000091 

•003297 

137-09 

128-45 

■000091 

•003294 

100-47 

128-52 

•000071 

•004508 

100-08 

128-58 

•000071 

•004521 

11304 

128-46 

•000078 

•004026 

113-07 

128-41 

•000078 

•004027 

125*33 

128-37 

•000084 

•003633 

12541 

128-33 

■000084 

003623 

185*90 

128-26 

•000090 

•003322 

136-28 

12821 

•000090 

•003321 


After tine observations were finished it was discovered that a minute quantity of 
the mercury of the thermometer had distilled up into the vacuous space. It was 
considered desirable, therefore, to repeat such of the observations as might possibly 
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have been affected by this circumstance. The repetition of all above 100° showed, 
however, that the distillation which had occurred was too insignificant in amount to 
influence the results. In all subsequent observations over 100° the thermometer was 
inverted and replaced in the bath just before the observation of temperature. 

Observations of the thermal expansion of propionic acid have been made by Kopp 
(‘ Atinalen/ 95, 309), by Pierre and Pochot (‘ Annales de Chimie et de Phys.,’ 4, 
28, 71), and by Zander (‘Annalen,’ 224, 91). As the results are very concordant, 
the mean value of the different expressions has been employed. For the relative 
density we have adopted d (0°/0°) = 1'0170, the mean of the values given by Kopp, 
Landolt, Linnemann, and Zander. 

Taking 

= 014042 rjj = -003295 (calculated) = -006802 

t x = 4°‘70 < 8 = 137 o, 05 t % (from curve) = 58 o- 30, 


we obtain the formula 


105-746 

1,1 ~ (109-53 + ’ 


which gives the following calculated values :— 


Mean temp. 

V* 

Difference. 

Observed (mean). 

Calculated. 

4-70 

•01404 

•01404 

•ooooo 

16-87 

*01151 

.01156 

+ -00005 

28*21 

*00979 

*00987 

+ *00008 

40-04 

*00839 

•00845 

+ *00006 

5203 

•00729 

*00731 

f *00002 

63-63 

•00642 

*00641 

-*00001 

76-70 

•00562 

* *00559 

- *00003 

89-56 

■00496 

*00493 

- *00003' 

101-01 

•00448 

*00444 

- *00004 

112-98 

•00403 

•00400 

- *00003 

112-37 

•00405 

•00402 

- *00003 

123-67 

•00368 

*00366 | 

- *00002 

137-05 

•00329 

*00329 

i 

•ooooo 
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Butyric Acid. CH s .(C)H g ) ? .COOH. 


From Dr. Perkin. It was found to boil at 161°5. n = 29°'5, t - 28° (emergent 
column). Bar. 759’5 millims. Corrected and reduced b.p. — 162°'Q2, 

The observations for viscosity gave :— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 

V- 

Temp. 

Press. 

Corr. 

'/• 

3*26 

128*62 

*000016 

*021257 

3*16 

128-54 

•000016 

021306 

1801 

128*44 

*000021 

•015907 i 

18*03 

128*42 

*000021 

•015921 

31*84 

128*81 

•000027 

•012624 

31-82 

128 66 

•000027 

012643 

44*53 

128*83 

*000032 

•010474 ! 

4445 

128*73 

*000032 

•010498 

59*40 

128*89 

•000038 

•008587 

59*39 

128*78 

*000038 

•008604 

73*25 

128*25 

*000044 

*007277 

7347 

128-20 

*000044 

•007268 

86*50 

128*20 

*000050 

*006274 

86*54 

12812 

*000050 

•006276 

101*49 

128*45 

•000057 

•005367 

101*60 

128-40 

*000058 

•005368 

115*42 

128*49 

•000065 

*004689 

115*06 

128-48 

000064 

•004705 

130*29 

128*29 

•000073 

*004075 

130*23 

12827 

*000072 

•004087 

144*97 

128*23 

•000081 

*003583 

14497 

12845 

*000081 

003579 

155*78 

128*22 

•000087 

*003267 ; 

1 

155*74 

12812 

*000087 

•003266 


The relative density of butyric acid has been frequently determined, and there 
seems little reason to prefer any one value to the exclusion of the others from among 
the concordant observations of Delfts, Pierre, Mendel^eff, Landolt, Linnemann, 
and Bruhl. We have, therefore, adopted the mean of the different results, namely, 
d( 0 °/ 0 °) = 0‘9786, which is almost identical with the observations of Landolt and 
Bruhl. 

For the thermal expansion we have taken the means of the very concordant obser¬ 
vations of Pierre (‘ Annales de Chimie et de Phys.,’ (3), 31, 127), and Zander 
(‘Annalen,’ 234, p. 91). 

Taking 

17 , = *021282 y s = *003267 (calculated) = *008338 

£, = 3°*21 f 3 = 155 0- 76 t % (from curve) — 61°'87, 


we obtain the formula 


__ 195765 

1 * — (94462 + *)»■*•**» 


which gives the following calculated values :— 


3 V 


MDOOCXCIV.—A. 
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Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

3*21 

•02128 

•02128 

•00000 

18*02 

*01591 

•01607 

+ oooie 

31&3 

•01263 

•01273 

+ •00013 

44*40 

•01049 

■01055 

+ -00006 

59*39 

•008G0 

•00861 

+ 00001 

73*36 

•00727 

•00724 

- -00003 

86*55 

•00628 

•00623 

- -00005 

10155 

•00537 

00531 

- 00006 

115*24 

•00470 

•00465 

- 00005 

180*26 

.00408 

•00405 

- 00003 

144-97 

■00358 

•00357 

- 00001 

155-76 

•00327 

•00327 

•00000 


Isobutyric Acid. (CH 3 ) 2 CIJ.COOH. 

From Dr. Pebkin. On distillation the sample boiled between 152°-5 and 154°. 
n = 2S°'2, t — 31° (emergent column). Bar. 751 *5 millims. Corrected and reduced 
b.p. = 154°-03. A second observation of the boiling-point in another apparatus gave 
as the boiling-point limits 152°'4 and 154°’3. n — 23 0 , t — 27 ‘5. Bar. 746'! 
millims. Corrected and reduced b.p. = 154°"00. 

The observations for viscosity gave :— 


- 1 

Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V • 

1 

Temp. 

i 

Press. 

Corr. 

V • 

o 

3*71 

12863 

*000019 

•017584 

o 

3-68 

128-58 

•000019 

•017626 

16-97 

12860 

*000024 

•013827 

1704 

128-50 

•000024 

•013830 

29*31 

128*55 

•000029 

•011379 

29-36 

128-47 

•000029 

011365 

42*54 

12837 

•000035 

•009450 

42*52 

12830 

•000035 

•009456 

54*31 

128*61 

•000040 

•008123 

54-77 

128-56 

000040 

•008096 

70-48 

128*57 

•000047 

•006729 

70-51 

128-53 

•000047 

*006756 

88-08 

128*72 

*000055 

•005592 

88 04 

128-64 

•000055 

•005605 

9907 

128*57 

*000061 

•004977 

98-82 

128-54 

•000061 

•005004 

109*56 

128*36 

*000066 

004512 

110-00 

12S8-85 

•000066 

*004496 

121*04 

128*33 

•000072 

•004057 

12090 

128-27 

•000072 

*004074 

134*52 

128*55 

•000080 

•003608 

134-48 

128-48 

•000080 

*003610 

147*56 

128*39 

•000087 

•008223 

147-77 

128-28 

•000087 

*003231 

96*49 

128*61 

•000060 

•005119 

96-43 

12856 

•000060 

•005118 

107*71 

128*57 

•000065 

•004602 

10764 

128-49 

•000065 

•004606 

122*16 

128-58 

•000073 

•004027 

122-50 

128-49 

•000073 1 

•004012 

135*37 

128*^5 

•000080 

•003588 

135-47 I 

128*48 

•000080 

•003582 

147*21 

128*57 

•000087 

•003244 

147-45 

128-47 j 

*000087 

•003289 


The repetition of the observations from about 100 c upwards was made in conse- 
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quence of a minute quantity of the mercury of the thermometer having distilled into 
the vacuous apace (comp. p. 511). In the second series the thermometer was 
inverted and replaced in position just before the observation of temperature and 
flow. The second set of observations lie exactly on the curve which expresses the 
first series; no sensible error in the determination of the temperature had therefore 
been made. 

In reducing the observations we have employed for the thermal expansion the 
mean values obtained from the concordant results of Pierre and Puchot (‘ Aunales 
de Chim. et de Phys./ (4) 28, 366), and of Zander (‘ Annalen,’ 224, 91). 

For the relative density we have adopted d (0°/0°) = 0'9670, the mean of the 
closely agreeing values given by Pierre and Puchot, Linnemann, Bruhl, and 
Markowni&oef. 

Taking 

t) x = '017605 as '003234 % (calculated) = *007545 

t L — 3°'69 t a — 147°’47 t 2 (from curve) = 60°'62, 

we obtain the formula 

21241 

V ‘ — (104-63 + 0 3 (W5U5 ’ 

wliich gives the following calculated values :— 


Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

o 

3.69 

*01761 

*017«>1 

*00000 

1700 

01383 

*01386 

4* '00003 

29*33 

*01137 

*01150 

+ *00013 

42-53 

*00945 

• *00952 

+ *00007 

54*54 

*00811 

•00814 

+ *00003 

70 49 

•00674 

*00672 

- 00002 

88-06 

*00560 

*00544 

- 00016 

98-94 

•00199 

•00497 

- 00002 

109-78 

•00450 

•00448 

- -00002 

120-97 

•00407 

•00101 

- ‘00003 

134-50 

•00361 

•003C0 

- 00001 

147-47 

00323 

•00323 

•00000 

96-46 

•00512 

•00509 

— -00003 

107-62 

•00460 

*00457 

- 00003 

122-33 

00402 

•00399 

— 00003 

135-42 

•00359 

. *00357 

-•00002 


8 IT 2 
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Oxides. 

Acetic Anhydride. (CH 8 .CQ) 8 0. 


A. large quantity of this liquid was shaken for a few minutes with phosphoric oxide 
and distilled. It boiled between 138°*50 and 138°*77. Bar. 749 5 milliins. Corrected 
and reduced b.p. = 139 0, 13. 

Observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr 

V- 

Tomp. 

Press. 

Corr. 

n* 

019 

132-09 

•000033 

•012379 

o 

0-18 

131*99 

000033 

•012376 

12*52 

132*14 

*000040 

•010067 

12*53 

13204 

000040 

•010078 

2413 

132*16 

•000047 

•008509 

24 08 

13203 

•000047 

*008524 

35-43 

132*03 

*000054 

*007333 

3538 

131-91 

000053 

•007347 

48*13 

132*22 

000061 

006296 

48-17 

132*08 

000062 

*006299 

60*40 

132-36 

•000069 

*005506 

60-38 

132 23 

*000069 

•005505 

7105 

132-45 

•000076 

•004941 

71-04 

132-31 

*000076 

•004941 

84-40 

132-90 

•000085 

004339 

84-44 

132-78 

*000085 

004345 

95 08 

133-37 

000092 

■003936 

9510 

133-26 

•000093 

003939 

108-92 

131-52 

000100 

003513 





120-23 

131-45 

•000108 

003198 

120-23 

131-34 

000108 

003199 

133-43 

131-46 

000116 

•002893 

1 

133-36 

131-35 

000116 

•002892 


In reducing the observations we have employed Kopp’s value d( 0 °/ 0 °) — 1’0969 
for the relative density, and his expression 

V = 1 + 0 0 2 105307* -f- 0*0 5 183 89** + 0*0 9 79 1 65 t s 


for the thermal expansion (* Annalen,' 94, 295). 

Taking 

= '0123774 r} 3 = *002893 ij 2 (calculated) = *005984 

fj = 0°*18 * a = 133°*39 * 2 (from curve) = 52°*64, 


we obtain the formula 


27*713 

Vt ~ (97*10 + f ) 1 ' 6861 ’ 


which gives results in good agreement with the observed values. 
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Mean temp. 

V- 

Difference. 

Observed (mean). 

Calculated. 

0T8 

*01238 

•01238 

•ooooo 

1252 

•01007 

•01012 

+ 00005 

2410 

-00862 

*00856 

+ -00004 

3540 

•00734 

•00735 

+ -00001 

4815 

*00630 

•00630 

•ooooo 

60*39 

•00551 

•00550 

-*00001 

7104 

•00494 

•00492 

- *00002 

84-42 

•00434 

•00433 

- 00001 

95*09 

•00394 

•00393 

- 00001 

108-92 

•00351 

•00350 

- -ooooi 

120-23 

•00320 

•00319 

- 00001 

133-39 

•00289 

•00289 

•ooooo 

1 


Propionic Anhydride. (CH s .CH s .C0) 3 0. 


A quantity of this liquid, obtained from Kahlbaum, was shaken with a small 
quantity of phosphoric oxide for a few minutes, decanted and submitted to fractional 
distillation. The portion employed for the observations boiled between 168°*30 and 
169 0- 25. Bar. 765*1 millims. Corrected and reduced b.p. = 168°*56. 

The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

7- 

Temp. 

Press. 

Corr. 

7- 

0-45 

132-85 

•000024 

•015918 

0-49 

132*75 

000025 

015923 

14*71 

132-92 

•000032 

*012187 

1469 

132-82 

000031 

•012907 

29*98 

132*87 

■000039 

•009559 

29-96 

132-80 

-000039 

009581 

44-83 

132*83 

*000047 

•007790 

44-89 

132-72 

•000047 

•007797 

59-48 

132*78 

■000056 

*006509 

59-56 

132-70 

•000056 

*006509 

74*92 

132*38 

•000065 

■005492 

74'82 

132*29 

•000064 

*005497 

94-88 

13238 

*000077 

•004498 

94*86 

132-29 

•000076 

•004507 

104-60 

13311 

•000083 

004119 

104-55 

133-05 

•000083 

•004124 

119-54 

133-02 

*000092 

•003603 

119-60 

132-94 

•000092 

003613 

134-59 

132-91 

*000102 

•003187 

134*71 

132-84 

•000102 

•003194 

148-66 

13291 

| *000111 

•002864 

148-66 

13282 

•000111 

•002869 





164-56 

132-71 

•000121 

•002545 


In reducing tbe observations we have employed the value d (0°/4°) = 1*0336 tor 
the density, and the expression 

V es 1 + 0*0 8 109109< + 0*0 6 38295t a + 0*0 8 651461t 8 

for the thermal expansion (Thorpe and L. M. Jones, loc. cit.). 
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Taking 

^ = *015921 t^3 = *002867 

h = 0°*47 t a = 148 0, 66 


i 7 a (calculated) = *006755 
t 2 (from curve) as 56°*82, 


we obtain the formula 


31312 

1)1 ~ (85-011 + <)*•»•• 


which gives the following calculated values :— 


Mean temp. 


Difference. 

Observed (mean). 

. 

Calculated. 

0-47 

01592 

•01592 

00000 

14-70 

*01220 

01225 

+ -00005 

2997 

*00960 

00960 

•ooooo 

i 4486 

•00780 

•00780 

■00000 

59-52 

•00651 

•00650 

- *00001 

74-87 

00549 

•00547 

- *00002 

94-87 

•00450 

•00449 

- *00001 

104-52 

00412 

•00410 

- *00002 

119 57 

00361 

•00360 

- *00001 

134*65 

00319 

•00319 

*00000 

148-66 

•00287 

•00287 

*00000 

164-56 

•00254 

•00256 

+ 00002 


Ethyl Ether. CH s .CH a .O.CH a .CH 3 . 

Two independent preparations of ethyl ether have been made use of in our 
observations on the viscosity of this substance. 

The first, made specially for us by Professor Dcjnstan, after standing in contact 
with sodium wire for a day was distilled. It boiled completely between 34°*3 and 
35°‘0 ; on redistillation the greater portion boiled between 34°*5 and 34°*7. Bar. 
764*3 millims. Corrected and reduced b,p. = 34°*48. 

Vapour density: 

Found, 36*66. Calculated, 37*00. 


The observations for viscosity gave :■ 
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Left limb. 

Eight Hmb. 

Temp. 

Press. 

Oorr. 

7- 

Temp. 

Press. 

Oorr. 

V- 

• 

674 

128-48 

•000094 

•002664 

6-64 

128-43 

•000094 

•002671 





6-89 

128-37 

000094 

•002660 

9-49 

128-43 

•000096 

•002590 

946 

128-38 

•000096 

•002599 

11-81 

128-29 

•000097 

•002534 

11-81 

128 24 

000097 

•002530 

14-24 

128*28 

*000099 

002472 

1419 

128*20 

000099 

•002478 

1716 

128-70 

•000101 

•002409 

17-09 

128*66 

•000101 

•002411 

19*61 

128-52 

•000103 

•002350 

19*59 

128-54 

•000103 

002352 

21-81 

128-47 

•000104 

002314 

21-84 

128*41 

•000104 

•002310 

24-34 

128-43 

*000106 

*002255 

24*36 

128*37 

*000106 

•002254 

25-46 

128-33 

•000107 

002233 

25*44 

128*36 

*000107 

002233 

27-24 

128-29 

•000108 

002201 

27*21 

128*27 

•000108 

•002202 

2904 

128-24 

•000109 

0021&5 

28*91 

128-20 

000109 

•002165 

30-24 

128-18 

•000110 

002140 

30*21 

12816 

000110 

•002138 





32*04 

128-28 

•000112 

•002096 


In reducing the observations we have employed Kopp’s value d (0°/0°) = 073658 
for the relative density, and his expression 

Y = 1 + 0-0 2 148026« + 0-0 5 3503 1 6* a + 0-0 7 27007* 3 

for the thermal expansion (‘ Pogg. Ann.,’ 72, 1 and 223). 

We are indebted for the second sample of ether to Dr. Pebkin. After standing 
for a night over sodium wire it was distilled; it boiled completely between 34°‘8 
and 35 0, 8. Bar. 768 0 millims. Corrected and reduced b.p. = 35 o, 0. 

The slight difference in the boiling point of the two samples may be due to super¬ 
heating. It is noteworthy that Tamman (Wied. * Ann.,’ 32, 683) and Beckmann 
(‘Zeits. f. physik. Chemie,’ 4, 536), independently, found very great difficulty 
in obtaining ether of a constant vapour pressure. 

A determination of the vapour density of Dr. Perkin’s sample gave 36 •88. 
Calculated, 37 00. 

The observations for viscosity gave :— 
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Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

V' 

7*24 

99 95 

*000074 

•002658 

O 

7*11 

99*89 

*000074 

•002662 

9*60 

9991 

*000075 

*002593 

9*49 

99*90 

*000075 

•002598 

11*74 

99*91 

•000076 

*002537 

11*69 

99*85 

*000076 

•002544 

1384 

99*95 

•000078 

*002485 

13*81 

99 89 

*000078 

•002492 

15*91 

99*99 

*000079 

•002437 

15*86 

99*93 

*000079 

•002440 

18*06 

99*97 

*000080 

*002387 

18*04 

99*90 

*000080 

002392 

20*56 

99*90 

*000082 

*002332 

20*54 

99*83 

*000081 

•002336 

2313 

99*85 

•000083 

*002274 

23*06 

99*79 

*000083 

•002277 

24*81 

99*82 

*000084 

•002244 

24*94 

99*73 

*000084 1 

•002242 

27*04 

99*82 

•000085 

•002196 

27*04 

99*75 ! 

*000085 

*002197 

29*26 

100*01 

*000087 

•002150 

29*36 

99*97 

*000087 

•002154 

31*14 

100*02 

*000088 

*002116 

31*14 

99*94 

*000088 

•002119 





20*72 

128*48 

•000103 

•002341 

21*96 

128 60 

*000104 

*002317 

21*82 

128*51 

*000104 

•002310 

26*04 

128*60 

l 

*000108 

*002225 

26*02 

128*51 

*000108 

002224 


In reducing the observations we have employed the same values for the density 
and thermal expansion as in the reduction of the first series. 

Taking mean values from the two series of observations we get 

Vl = *002064 rj s = *002128 (calculated) = -002381 

t Y = 6°*93 £ 3 = 30°*68 t 2 (from curve) = 18°*35, 

from which we obtain the formula 

_ 3*8307 

Vt ~ (136*38 + <)*•«*»» 

which reproduces the observed values in both cases with great accuracy:— 


Sample I. 

Sample II. 

Mean 

temp. 

V • 

Di fferonce. 

Mean 

temp. 

V- 

Difference. 

Observed 

(mean). 

Calc. 

Observed 

(mean). 

Oale. 

0 

6*69 

•002668 

•002670 

+ -000002 

7*17 

•002660 

•002657 

- -000003 


•002660 

•002665 

+ -000005 

9-54 

•002595 

•002594 

- *000001 


*002594 

*002596 

+ -000002 

11 71 

•002540 

•002539 

- -oooooi 

Be! ■ 

*002532 

■002536 

+ -000004 

13-82 

•002489 

•002487 

- -000002 

14-21 

•002475 

•002477 

+ -000002 

15-88 

•002438 

•002438 

•000000 

1712 

•002410 

•002409 

- -000001 

1805 

•002389 

•002388 

- -oooooi 

19-60 

*002351 

•002353 

+ -000002 

20-55 

■002334 

•002332 

- -000002 

21 82 

*002312 

•002305 

- -000007 

23-09 

002276 

•002278 

+ -000002 

24*35 

•002254 

•002252 

- -000002 

24-87 

•002243 

•002241 

-•000002 

25*45 

mmvJMKm 

•002230 

- -000003 

2704 

•002196 

•002198 

+ -000002 

27*22 

*002201 

•002194 

- -000007 

29-31 

•002152 

•002154 

+ -000002 

28*97 

•002165 


- -000005 

31 14 

•002118 

002120 

+ -000002 

30*22 

*002139 

•002137 

— *000002 

- 




jgjgj 

•002096 

■m 

+ -000007 
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Aromatic Hydrocarbons, 


Benzene. C # H fl . 


A sample of carefully purified and thiophen-free benzene which had stood over 
sodium wire for many months, was distilled. It boiled completely between 80 o- 04 
and 80°*14. Bar. 757*4 millims. Corrected and reduced b.p. = 80 o, 2. 

Determination of vapour density :— 

Found, 38*63. Calculated, 39 00. 


The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

*7- 

Temp. 

Press. 

Corr. 

V ♦ 

0 




7-64 

12812 

•000040 

*007889 

771 

128-21 

•000040 

•007881 

7-65 

12810 

•000040 

*007889 

1344 

128-07 

•000043 

*007169 

13-49 

127 98 

*000043 

*007175 

19*39 

127-84 

*000047 

*006539 

19*39 

12799 

*000047 

*006550 

26*01 

128*06 

*000051 

■005943 

25*91 

127*97 

*000051 

•005950 

3206 

128*10 

•000055 

*005469 

32-09 

128*02 

*000055 

005471 

38-54 

128-37 

•000060 

*005013 

38*41 

128*30 

•oooooo 

*005029 

45-36 

128-35 

•000065 

*004615 

45-34 

128*24 

•000064 

*004616 

51-69 

128-34 

•000069 

*004284 

51-64 

128*27 

•0000G9 

•004286 

57-36 

128-34 

•000073 

*004016 

57-39 

12826 

•000073 

*004017 

63-29 

128-37 

•000077 

•003766 

63*29 

128*30 

•000077 

*003767 

69-41 

128-28 

•000081 

*003534 

69*41 

128*22 

000081 

*003537 





75*36 

i 

128*19 

•000085 

*003329 


Observations on the thermal expansion of benzene have been made by Kopp 
(‘Jahr.,’ 1847-48, 66); Louguinine (‘ Ann. de Chimie et de Phys.,’ 4,11, 465, 1867) ; 
Adrienz (‘ Ber.,’ 1873, 441) ; Pisati and Paterno (‘ Chem. Soc. Trans.’ (2), 12, 686); 
and Laghowigz (‘ Ber.’ 21, b. 2206). As Kopp’s values approximate very closely to 
the mean of all the other observations, they have been made use of in the reduction. 
His expression for the thermal expansion is 

V as 1 + •0jU7626< + *0 5 127 7 5 5t s + *0 8 8 0 6 48< 8 . 

We have also employed his value d (0°/0°) = 0*89911 for the density. 

By talcing 

*0073908 7? a — *003329 (calculated) = *005125 

t x sst 7°*67 sx 75°*36 t s (from curve) = 86 0 *85, 

JDKXmCfltV.—A 8 X 
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we obtain the formula 


S-84I5 

W *"“ (83-92 + <)”“** 


which gives results in close agreement with the observed values. 


Mean temp. 

V' 

Difference. 

Observed (mean). 

Calculated. 

7-67 

•007890 

•007899 

+ -000009 

18-46 

•007172 

•007178 

+ -000006 

19-39 

•006544 

•006546 

+ -000002 

26-96 

•005946 

•005945 

- -000001 

3207 

•005470 

•005464 

- -000006 

38-47 

•005021 

005025 

+ -000004 

45-35 

•004615 

•004614 

- -000001 

51-66 

•004285 

•004284 

- -000001 

57-37 

•004017 

*004017 

•000000 

63 29 

003767 

•003768 

+ -oooooi 

69-41 

003535 

•003536 

+ -oooooi 

75-36 

•003329 

•003332 

+ -000003 


Tohiene (Methyl benzene). C„H 8 .CH 8 . 


We are indebted to Dr. Perkin for the sample of this hydrocarbon which has 
served for our experiments. It was prepared from pure sodium parasulphonate. 
Placed over sodium wire and distilled, it boiled between 1I0°*37 and 110 o, 40. 
Bar. 756*6 millims. Corrected and reduced b.p. = 110°*56. 

Determinations of its vapour density gave :— 

Found, I. 46 67 ; II. 46*44. Calculated, 46*00. 

The observations with the glischrometer gave :— 


Left limb. 

Bight limb. 

Temp. 

Press. 

Corr. 


. Temp. 

Press. 

Corr. 

* 

0-27 

104-23 

•000034 

•007648 

0°25 

104-14 

■000034 

•007663 

9-89 

104-21 

•000039 

•006675 

9-88 

104-10 

•000039 


19-52 

104-18 

•000043 

•005893 

19-42 

10411 

•000043 


30-28 

104:21 

•000049 

•005183 

3022 

. 104-10 

-000049 


39-88 

10424 

•000053 

•004666 

3984 

104-13 

•000053 

•004669 

49-43 

104-29 

•000061 

•004218 

49-44 

10418 

•000061 

•004219 

6017 

104-32 

•000064 

•003797 

6020 

104-23 

•000064 

•008801 

6913 

104-35 

•000068 

•003501 

6914 

10428 

•000068 

003606 

80-62 


•000074 

•003162 

80-57 

103-14 

•000074 

*008165 

91-72 

10317 


•002880 

91-76 

103-07 

•000079 

HTmfTS 

99-92 

103-07 


*002695 

99-99 

102-99 

•000084 


107 06 

102-93 

am 

• -002554 

! 10710 

102-87 

•000087 
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In reducing the observations, Perkin’s value d (4°/4°) = 0-8817 for the relative 
density (' Chem. Soc. Trans he. cit .), and Louquinine’s values (‘ Ann. de Chim. et 
de Phys.,’ 4, 11, 468) for the thermal expansion were adopted. 

Taking 

i)x = *007655 »? 3 = -002554 % (calculated) = -004422, 

tj ss 0°*26 t 3 = 107°*08 # 2 (from curve) — 44 0, 88, 

■we obtain the formula 

_ 18-964 

Vt ~ (112-99 + ty m * * 


which gives results in good agreement with the observed values :— 


Mean temp. 

V • 

Difference. 

Observed (mean). 

Calculated. 

0*26 

•007655 

•007655 

•oooooo 

9-88 

*006683 

•006691 

+ -000008 

19*47 

*005900 

•005909 

+ *000009 

30-25 

•005184 

•005193 

+ -000009 

39-86 

*004667 

•004664 

- *000003 

49-43 

*004219 

*004219 

•oooooo 

6018 

*003799 

*003795 

- *000004 

6913 

*003503 

•003492 

-000011 

80-59 

*003164 

•003157 

- *000007 

91-74 

*002877 

•002878 

+ -000001 

99-95 

*002695 

•002697 

4* *000002 

107-08 

*002554 

*002554 

•oooooo 


Ethyl Benzene. C 6 H 8 .C a H a . 

A quantity of this hydrocarbon, obtained from Kalhbaum, was placed over 
Bodium for a couple of days and then submitted to careful fractionation. The 
portion boiling between 135°*25 and 136°-25 was re-distilled, and the fraction boiling 
between 135°*85 and 136°‘09 was oollected separately and digested with sodium 
wire for four days and again distilled. The greater portion boiled between 136°’15 
and 13Q°‘27. Bar. 766*3 millims. Corrected and reduced b.p. = 185°-9. 

Determination of its vapour density : 

Found, 52*98. Calculated, 53*00. 

The observations for viscosity gave 

3X2 
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Left limb. 

...... .*.. . . 

Bight limb. 

Temp, 

Press. 

Oorr. 


Temp. 

Press. 

Oorr. 


0-40 

102-43 

■000029 

*008690 

0 

043 

102*33 

•000030 

*008697 

11-46 

102*46 

•000034 

•007436 

11-37 

102-34 

000034 

•007452 

2170 

102*55 

•000039 

*006528 

21-63 

102-46 

•000088 

006543 

32-86 

102*65 

•000043 

•005722 

32*95 

102*54 

■000043 

•005726 

47*17 

102-55 

•000050 

•004904 

47-05 

102-51 

•000050 

•004919 

60*52 

102-42 

•000056 

*004297 

6051 

102-35 

•000056 

•004305 

73*89 

102-97 

•000062 

•003801 

7378 

102-88 

•000062 

•003813 

83-60 

102-99 

•000067 

•003496 

8365 

102-91 

•000067 

•003490 

95-60 

102-81 

•000073 

•003162 

9560 

10274 

•000072 

•008161 

107-68 

102-70 

•000078 

•002873 

108-26 

102-57 

•000078 

■002864 

119*14 

10273 

■000084 

•002627 

11924 

102-69 

•000084 

•002628 

131*40 

10278 

•000090 

•002405 

131-41 

10271 

•000090 

•002409 


In reducing the observations, we have employed Weoer’s expression for 
thermal expansion— 

V- 1 + , 0 s 86172f + *0 e 25344£® - *0 8 188 1 9< s , 

and the relative density d (0°/0°) = 0*8832 (‘Annalen,’ 221, 67). 

Taking 

Vl = *008693 Y) S r= *002407 % (calculated) = *004574 

tj = 0 o, 41 tg = 131°*4 t 2 (from curve) = 54°*10, 

we obtain the formula, 

_ 41-215 

7)1 ~ (121-68 4- 0 1W * * 

by means of which the calculated values given below are obtained. 


Mean temp. 

V' 

Difference. 

Observed (mean). 

Calculated. 

0°41 

•00869 

•Q0869 

•00000 

11*41 

•00744 

•00750 

+ -00006 

21-66 

•00654 

•00655 

+ -00001 

32-90 

•00572 

•00576 

+ •00004 

4711 

•00491 

•00491 

•00000 

60-51 

•00430 

•00427 

-•00003 

73-81 

•00381 

•00379 

- -00002 

8362 

•00849 

•00348 

-•00001 

95-60 

•00316 

•00315 

-•00001 

10797 

•00287 

•00286 

- 00001 

11919 

•00263 

•00263 

'00000 

131-40 

■00241 

•00241 

*00000 
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Ortho-xylene (Ortho-dimethyl benzene^ C fi H 4 (OH a ) g (l :2). 

Two specimens of this hydrocarbon were employed in the determination of its 
viscosity. The first was prepared for us by Dr. G. T. Moody from Witte’s “ pure” 
ortho-xylene. The hydrocarbon was sulphonated with ordinary sulphuric acid, and 
the product converted into the barium salt, and ultimately into the sodium salt, 
which was then repeatedly crystallised from water. The pure sodium salt, which 
forms large, characteristic plates, was hydrolysed by mixing it with sulphuric acid 
and injecting steam into the solution. The hydrocarbon thus obtained was dried 
over sodium and distilled, the first and last portions of the distillate being collected 
apart. 

The middle fraction was placed over sodium wire for about a fortnight and again 
distilled. It boiled between 144 o, 00 and 144°'08. Bar. 759‘1 millims. Corrected 
and reduoed b.p. = 144°*09. 

The determination of the boiling-point was subsequently repeated. The hydro¬ 
carbon was found to boil at 144°*35 under a barometric pressure of 766 ‘2 millims. 
Corrected and reduced b.p. = 144°’05. 

Observation of vapour density:— 

Found, 52*59. Calculated, 53’00. 


The observations for viscosity gave the following results :— 


Left limb. 

Right limb. 

Temp, 

Press. 

Corr. 

V • 

Temp. 

Press. 

Corr. 

V- 

0°45 

10278 

•000024 

•010927 

0°54 

102*65 

•000024 

•010928 

13-87 

102-70 

*000029 

•008805 

1389 

102*62 

•000029 

•008814 

2653 

102*96 

•000034 

007379 

2655 

105*25 

•000035 

•007386 

39*35 

102-95 

•000040 

•006279 

39*32 

102*85 

*000040 

*006284 

51-92 

103 00 

•000046 

*005437 

5197 

102-89 

•000045 

*005441 

65-40 

10302 

*000051 

•004728 

65*42 

102*94 

000052 

004735 

78-78 

10314 

•000058 

•004156 

78 79 

103 03 

•000058 

•004159 

90-82 

103-22 

•000063 

•003726 

9062 

103-13 

■000063 

•003733 

101-80 

103-38 

•000068 

•003403 

101 76 

103-35 

■000068 

003403 

116-49 

103-40 

•000076 

•003023 

11674 

103-31 

•000075 

•003015 

126-33 

103-44 

•000081 

•00*2762 

127-98 

103-31 

•000081 

•002769 

140-99 

103-44 

•000087 

•002519 

141-29 

103-35 

■000087 

002515 


In reducing the observations, Pinette’s expression for the thermal expansion, 

V «s 1 + *0 8 9173 4« + •0 6 132 45< 8 -f -Og^Se* 8 , 

and his value for the relative density, d (0°/0°) = 0'8932, have been employed 
(‘ Annalen,’ 243, 50, 1884). 
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As the boiling-point of the ortho-xylene employed (144°*07) is nearly 2° higher 
than that usually assigned to this hydrocarbon, Dr. Moody was good enough to 
prepare a second sample from the sulpho-chloride. This was reconverted into the 
acid by boiling with alcohol, and the acid was afterwards hydrolised. The hydro¬ 
carbon was dried over sodium wire and distilled. It boiled between 143°*75 and 
144°*02. Bar. 757*6 millims. Corrected and reduced b.p, — 144°'01. 

It will be observed that the boiling-point of the second sample is almost identical 
with that of the first. 

An observation of its vapour density gave :— 

Found, 52*88. Calculated, 53*00. 


Observations on the viscosity of the second sample were made with the following 
results:— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

7- 

Temp, 

Press. 

Corr. 

7- 

035 

103*41 

•000024 

•010969 

0^35 

103*34 

•000024 

*010978 

13*04 

103*47 

*000029 

•008936 

1297 

303*37 

•000029 

•008950 

26*97 

103*54 

•000035 

•007337 

26'80 

103*44 

•000035 

007358 

3873 

103*57 

•000040 

•006313 

38*73 

103-49 

*000040 

•006323 

5118 

103-40 

•000045 

•005483 

51*13 

103*35 

•000045 

•005488 

65*95 

103-22 

*000052 

*004695 

65-89 

10316 

•000052 

■004703 

77-46 

10313 

•000057 

•004203 

77-50 

103-07 

•000057 

•004205 

90-32 

103*02 

•000063 

003741 

90-42 

10296 

•000063 

003740 

100-68 

102*73 

•000067 

•003430 

100-75 

102-65 

•000068 

•003428 

115-67 

102*54 

•000075 

•003032 

115-64 

102-47 

■000075 

003036 

128-75 

302 37 

•000081 

•002748 

128-63 

102-31 

•000080 

•002749 

139-89 

102*23 

•000086 

■002533 

139-90 

10217 

•000086 

002536 


In reducing the observations the same values for the relative density and thermal 
expansion were used as in the first series. 

On plotting the results, the observations on the second sample are seen to be 
practically identical with those of the first. For temperatures up to 20° those of the 
second are about 0*1 per cent, greater than those of the first; from this point up to 
about 100° the curves are absolutely coincident; from 100° up to the boiling-point the 
observations of the second series are about 0*3 per cent, less than those of the first. 

The case is interesting as showing the practical identity of the two samples, and as 
proving that a substance prepared in totally different ways may be obtained in a 
condition so closely approximating to absolute purity that the degree to which it 
may fell short of this ideal state is without appreciable effect on the property we are 
measuring. 
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Taking 

% = *010950 Vs us -002526 ij 2 (calculated) us -005259 

<x = 0°*42 t s — 140°*52 t 2 (from curve) = 55°-05, 

we obtain the expression 

_ 19-644 

Vt — (96-352 + 0 14386 ’ 

which gives values in good agreement with those obtained by observation. 


Specimen I. 


Mean 

temp. 

9* 

Difference 

Observed 

(mean). 

Calcu* 

lated. 

o 

0-49 

01093 

•01094 

+ -ooooi 

13*88 

•00881 

•00885 

+ -00004 

2654 

•00738 

00740 

4- *00002 

39-33 

-00628 

-00629 

-f 00001 

51-94 

•00544 

•00544 

•ooooo 

65*41 

•00473 

•00472 

- 00001 

78-78 

•00416 

-00414 | 

I - *00002 

90-82 

j 00373 

•00372 ; 

! - *00001 

101*78 

| 00340 

00339 

- *00001 

116-61 

i -00302 

*00301 1 

- -ooooi 

12815 

i -00276 

•00276 

•ooooo 

14114 

! ‘00252 

*00252 

•ooooo 


Specimen II. 


Mean 

temp. 

V • 

Difference 

Observed 

(mean). 

Calcu¬ 

lated. 

O 

0-35 

•01097 

•01096 

- ooooi 

13-00 

•00894 

•00896 

+ *00002 

26-88 

•00735 

•00737 

+ ‘00002 

38-73 

*00632 

00634 

4- 00002 

51*15 

•00549 

•00549 

•ooooo 

65*92 

•00470 

•00469 

- *00001 

77-48 

*00420 

•00419 

- OOOOI 

90*37 

*00374 

•00373 

- -ooooi 

100*71 

•00343 

00342 

- -ooooi 

115-65 

•00303 

•00303 

•ooooo 

128*69 

•00275 

•00275 1 

•ooooo 

139-89 

•00254 

*00254 

•ooooo 


Meta-xylene (Meta-dimethyl benzene). CgH^CHg^l :3). 

We are indebted to Dr. Moody for a liberal supply of this hydrocarbon. It was 
prepared from Witte’s “ pure ” meta-xylene. The hydrocarbon was sulphonated 
with ordinary sulphuric acid and the resulting sulphonic acid was recrystallised nine or 
ten times from a mixture of two parts of ordinary sulphuric acid and one part of 
water. The pure meta-acid was converted into the sodium salt which was thrice 
recrystallised. The pure sodium salt was reconverted into the hydrocarbon by 
hydrolysis with sulphuric acid and steam, dried over sodium and distilled. 

On redistillation, after standing for some time over sodium wire, the meta-xylene 
boiled between 137 0, 95 and 138°‘10. Bar. .744 3 millims. Corrected and reduced 
b.p. s= l38°-8. 

Determinations of its vapour density gave : 

Found I. 53-36; II. 52-69. 


Calculated, 5 3 "00, 
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Hie observations for viscosity gave:— 


Left limb. 

Right limb.. 

Temp. 

Press. 

Corr. 

V' 

Temp. 

Press, 

Oorr. 

* 

0-21 

128*89 

•000039 

•007992 

0*27 

128-86 

•000039 

•007998 

11-54 

128-69 

•000045 

•006836 

11-50 

128-61 

•000045 

•006848 

23-36 

128-58 

•000051 

•005912 

23-37 

128-63 

•000051 

•005996 

87-19 

128*44 

•000059 

•005062 

34-76 

128-39 

•000058 

•005194 

48-72 

128-32 

•000065 

•004501 

48-71 

128-28 

•000065 

•004501 

59*94 

128-11 

•000071 

•004043 

59-94 

128*06 

•000071 

•004046 

60-35 

99-98 

-000056 

004013 

6010 

99-92 

•000056 

•004046 

71-16 

99*93 

•000061 

003659 

71-24 

99-87 

•000061 

•003659 

85-50 

101-25 

•000068 

•003241 

87-20 

100-26 

•000068 

•003202 

98-68 

100-41 

•000074 

•002925 

98-68 

100-35 

•000074 

•002927 

109-92 

100-47 

•000079 

•002687 

109-58 

100-39 

•000079 

002697 

128-50 

100-55 

•000085 

•002438 

123-56 

100-47 

■000085 

•002434 

135-25 

100-55 

•000090 

•002251 

135-31 

100-47 

' -000090 

•002252 


In reducing the observations we have employed Pinette’s value for the relative 
density, d (0°/0°) = 0'8812, and his expression 

V = 1 + *0 3 94 8 66£ + ‘0 6 97463£® + -0851933* 8 
for the thermal expansion (‘ Annalen,’ 243, 51, 1884). 

Takiug 

Vl = -007992 r) s - *002251 q, (calculated) = ‘004242 
= 0 o, 24 = 135°-28 < s (from curve) = 54°-88, 

we obtain the formula 

19-395 

Vt ~ (115-66 + *) rM00 ’ 


by means of which the calculated values given below are obtained. 


Mean temp. 

7* 

Difference. 

Observed (mean). 

Calculated. 

■ ■ 

*00799 

•00799 

•00000 


*00684 

*00686 

+ -00002 



•00593 

- *00002 


■ 

•00514 

+ -00001 

48-71 


-00451 

+ -ooooi 

59-94 

•00404 

-00404 

•00000 

60*27 

•00403 

•00403 

•ooooo 

71-20 

•00366 

•00365 

- -ooooi 

86-35 

•00322 

•00321 

-•00001 

98-68 , 

•00293 

•00292 

-•ooooi 

109-75 

•00269 

•00269 

•ooooo 

12353 

'M. 

00244 

•ooooo 

135-28 

•00225 

00225 

•ooooo 
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Para-xylene (Para-dimethyl benzene). O fl H 4 (CH 3 ) 2 (l :4). 


We are indebted to Dr. Moody for a sample of this hydrocarbon. It was prepared 
from Kahlbaum’s “ pure ” para-xylene ; this gave on sulphonation a clean sodium salt, 
which was nearly, if not quite, pure. The sodium salt was re-crystallised twice, and 
then hydrolysed. The regenerated hydrocarbon was dried and placed in a freezing 
mixture. By constant stirring the solid hydrocarbon was obtained in small crystals. 
When about half the liquid had solidified, the crystals were separated by a filter-pump 
and allowed to drain for over an hour at the ordinary temperature ; the crystals were 
then melted and distilled over sodium. 

On redistillation, after standing over sodium wire for several hours, the hydro¬ 
carbon boiled between 188°*37 and 138°*67. Bar. 766'4 millims. Corrected and 
reduced b.p. = 138°*23. 

Determination of vapour density :— 

Found, 52*84. Calculated, 53 - 00. 


An attempt was made to take the first viscosity observation at 0°*35, but although 
the para-xylene was liquid to begin with, it solidified shortly after starting the experi¬ 
ment. The crystals began to soften at about 10°, and were completely melted at 15°. 
After complete liquefaction the temperature was allowed to fall to about 8°, and the 
first observation was then made. 


Left limb. 

Right limb. 

Temp. 

Press* 

Corr. 

7* 

Temp. 

Press. 

Corr. 

r i • 

8-31 

10415 

•000034 

•007513 

8'25 

104-05 

*000034 

•007522 

20-52 

10419 

•000040 

•006387 

20-54 

104*12 

•000040 

006395 

31-20 

104*20 

*000045 

005611 

31-26 

10411 

*000045 

005615 

41-92 

104*21 

•000050 

•004975 

4178 

10411 

•000050 

•004989 

53-61 

10419 

•000055 

•004410 

53-57 

104*10 

•000055 

•004415 

64-82 

104*19 

■000061 

•003958 

64*93 

104-12 

•000061 

•003956 

77-38 

10446 

•000067 

*003532 

77-16 

104*35 

•000067 

•003536 

88-88 

104-58 

•000073 

•003197 

88-87 

104*52 

•000073 

•003201 

100-81 

104-71 

•000079 

•002903 

100 87 

104*62 

000079 

002902 

111-76 

104-03 

•000084 

•002665 

111-90 

103*94 

*000084 

-002661 

123-23 

10415 

000090 

•002447 

123*29 

104*04 

*000090 

002448 

135-19 

10419 

•000096 

•002249 

135 24 

104*11 

•000096 

•002247 


In reducing the observations, Pinette’s expression for the thermal expansion, 

V*l + *0 8 97013tf + •0 6 8714f® + *0 8 528 7fi, 

and his value for the relative density, d (0°/0°) = 0'8801, have been employed 
(* Annalen,’ 243, 51, 1884). 

MDCooxcrv.—A, 3 y 
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Taking 

Vl = *007517 

= *002248 

Tfi (calculated) = *004111 

<i = 8°*28 

t s — I35°*21 

t 2 (from ourve) = 60°*80, 

we obtain the formula 

32-7453 



~~ (117-730 + O' 78 ** ’ 


from which the calculated values given below are obtained:— 


Mean temp. 

*?• 

Difference. 

Observed (mean). 

Calculated 

o 

8*28 

•00752 

*00752 

•00000 

20-53 

00639 

•00640 

+ -00001 

31*23 

•00561 

00562 

-f -00001 

41*65 


•00499 

+ -00001 

53*59 

•00441 

*00441 

•00000 

64-87 

*00396 

00395 

- -00001 

77-27 

•00353 

00353 

•00000 

88-87 

00320 

•00319 

- -ooooi 


•00290 

•00290 

•ooooo 

111-83 



- 00001 

123-26 

•00245 

■00244 

- -ooooi 

135-21 

•00225 

•00225 

ooooo 


Alcohols. 

Methyl Alcohol. CH 8 OH. 

A quantity of acetone-free methyl alcohol (from Kahlbaum) was converted into the 
oxalate by Dittmar and Fawsitt’s process (‘Trans. Roy. Soc. Edin.,’ 33, 2, 510). 
After standing for two months over dry potassium carbonate, the product was coho- 
bated with quicklime, and allowed to remain in contact with fresh lime for a week. 
This process was repeated, and the resulting liquid was put over anhydrous copper 
sulphate for ten days; the alcohol, which was coloured bluish-green from the presence 
of a small quantity of dissolved CuS0 4 .2 CH 8 OH (Fobcrand, ‘ Compt. Rend.,’ 
102, 551), was siphoned off and distilled. It boiled between 65°*24 and 65°*49; 
n = 25 0, 3 ; t = 28° (emergent column). Bar., 771‘7 millims. Corrected and reduced 
b.p. as 64°-96. 

Vapour density :—. 

Found, 15*72. Calculated, 16*00. 

G * 

The observations for viscosity were as follows .*— 
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Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 


Temp. 



wm mb 

8-51 

128-70 

•000038 

•007647 

0 

4*04 

128-67 

•000038 

-007563 

9-75 

129-22 

*000041 

*006991 

973 

129-14 

•000041 

•006991 

1454 

129'06 

*000045 

•006402 

14-52 

129*01 

•000044 

•006407 

19-46 

128-98 

•000047 

•005951 

19-49 

128-89 

•000048 

■005952 

25-42 

128*65 

*000051 

•005492 

2542 

128-57 

•000051 

•005494 

30-32 

128-61 

*000054 

005131 

30*32 

128-50 

•000054 

•005133 

35-71 

128-55 

*000058 

•004767 

3574 

128*48 

•000058 

•004764 

40-81 

128-53 

000061 

•004463 

41*01 

128*45 

•000061 

•004451 

46-14 

128-46 

*000065 

•004156 

46-07 

128-40 

•000065 

*004163 

52-29 

128-36 

*000070 

•003844 

52*29 

128-29 

•000070 

•003847 

57-66 

128-74 

*000074 

■003596 

57-72 

128-68 

•000074 

•003594 

61-56 

128-72 

*000077 

•003442 

6157 

1*28-62 

•000077 

•003438 

63 26 

128-71 

•000079 

•003358 



1 



In reducing the observations Kopp’s value for the relative density, d (0°/4°) 
= 0’81796, and his expression for the thermal expansion (‘Jahresbericht/ 1847, 66) 
were employed. There is, however, reason to believe that the methyl alcohol 
employed by Kofp was not wholly free from water, in spite of the care employed 
in its preparation. We, therefore, recalculated the value of the kinetic energy 
correction by means of the more recent determinations of the relative density and 
expansion of methyl alcohol given by Dittmar and Fawsitt, but found that the 
coefficients were not affected Within the limits of experimental error. 

Taking 

Vl — -007605 ij 3 = -003440 (calculated) = -005115 

= 3 0, 77 t s = -61°‘36 f 2 (from curve) = 30°'53, 


we obtain the formula 


_6940;8 

’ ?t — (163-93 + 0 i-67#3 ’ 


which gives the following calculated values :— 


3 Y 2 
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Mean temp. 


Difference* 

Observed (mean). 

Calculated. 

3-77 

•00761 

, *00761 

•00000 

8-74 

•00699 

•00703 

+ ‘00004 

14-53 

*00641 

•00644 

+ 00003 

19*47 

*00595 

*00598 

+ -00003 

25*42 

•00549 

•00549 

•00000 

30*32 

*00513 

*00513 

•00000 

35*72 

*00477 

•00477 

■00000 

40*91 

•00446 

*00445 

-•00001 

46*10 

•00410 

00416 

•ooooo 

52*29 

*00385 

*00383 

- -00002 

57*69 

•00360 

*00360 

•ooooo 

61*56 

*00344 

•00344 

•ooooo 

63*26 

*00336 

•00337 

+ -ooooi 


Ethyl Alcohol. CH 3 .CH 2 OH. 


A quantity of “pure” absolute alcohol was boiled with quicklime for eight hours 
in a reflux condenser, and decanted on to fresh lime, over which it was allowed to 
stand for about a month, again decanted and distilled from freshly burnt lime. It 
boiled constantly at 78 0, 24. Bar. 748'9 millims. Corrected and reduced b.p. = 78 0, 63. 

Vapour density: 

Found, 22'70. Calculated, 23’00. 

The observations for viscosity gave :— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 

V* 

Temp. 

Press. 

Corr. 


c 

719 

12855 

*000019 

•015318 

0 

714 

128-46 

•000019 

•015338 

13*21 

128*66 

*000021 

*013570 

13-26 

128*58 

•000021 

*013577 

19*24 

128*64 

*000023 

*012096 

39*21 

128-57 

*000023 

•012093 

25*24 

128-66 

•000026 

•010787 

2524 

12856 

•000026 

•010798 

31-89 

128-58 

•000029 

*009556 

3189 

128-53 

•000029 

•009564 . 

37-49 

128-53 

*000032 

•008646 

3754 

128-46 

•000032 

•008648 

42-84 

128-47 

•000035 

•007878 

42-84 

128-39 

•000035 

•007872 

49-39 

128*41 

•000038 

007049 

49-34 

128-36 

•000038 

•007046 

55-56 

128 30 

•000042 

•006351 

55-59 

12821 

•000042 

•006358 

6114 

127-97, 

•000046 

•005806 

6101 

12793 

•000046 

•005825 

67-51 

128*35* 

•000050 

•005252 

6759 

128-31 

000050 

•005258 

73-59 

128*51 

•000055 

.•004758 

V 

7356 

128-30 

•000055 

•004771 
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The observations were reduced by means of Kopp’s values for the density 
d (0°/4°) ss 0*8095, and his expression for the thermal expansion 

V = 1 + *0 8 104139< + *0 6 78 36f a + *0 7 17618« 8 

(‘ Jahresbericht,’ 1847, 66). 

Taking 

Vi = '015328 17 8 = '004764 (calculated) as *009545 

h = 7°'16 t 3 = 73°*57 t a (from curve) = 38°’15, 

we obtain the formula 

251908000-0 
V ‘ ~ (209-63 + 0 4 '* 7 * 1 ’ 


which gives the following calculated values :— 


Mean temp, 

V’ 

Difference. 

Observed (mean). 

Calculated. 

7*16 

•015328 

■015328 

•000000 

13*23 

•013573 

•013584 

+ 000011 

19-22 

*012094 

*012097 

+ 000003 

25-24 

*010792 

•010798 

+ 000006 

3189 

•009560 

009557 

—*000003 

37-51 

•008644 

•008642 

- *000002 

42-84 

•007875 

•007872 

- -000003 

49-37 

•007047 

•007041 

- *000006 

55-57 

•006354 

•006349 

- *000005 

61-07 

•005815 

005804 

- *000011 

67-55 

•005253 

005233 

- *000020 

7357 

•004764 

1 

•004764 

•000000 


Propyl Alcohol. CH 3 .CH s .CH s OH. 

Received from Dr. Perkin. After standing over anhydrous copper sulphate for 
some time it was distilled. It boiled between 95°*5 and 96°'5, n — 51°, t — 29°*5 
(emergent eolumn). Bar. 755'9 millims. Corrected and reduced b,p. — 96°'6. 
Determinations of vapour density :— 

Found, I., 29*51; IL, 29'44. Calculated, 30*00. 

Observations for viscosity 
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Left limb. 

Eight Limb. 

Temp. 

Press. 

CJorr. 

V • 

Temp. 

Press. 

Corr. 

7* 

7-40 

128*58 

*000009 

•031362 

7°22 

128*49 

•000009 

•031542 

15*06 

128*63 

*000011 

•025547 

1507 

128-52 

•000011 

025531 

22-90 

128-62 

*000014 

•020986 

22-81 

128-52 

*000014 

•021048 

30-77 

128-90 

*000016 

•017344 

30-89 

128-80 

•000016 

•017304 

31*04 

128-89 

*000016 

•017230 

31-01 

128-84 

•000016 

•017258 

38-79 

128-47 

*000019 

•014372 





38*81 

128*86 

*000020 

014373 

38-76 

128-78 

•000019 

•014433 

46-45 

128-82 

*000023 

•012180 

46*49 

12874 

•000023 

•012184 

54-31 

128-94 

•000027 

•010292 

54-36 

128-86 

•0000*27 

•010300 

61-74 

128-93 

•000031 

•008875 

61-74 

128-87 

•000031 

•008884 

6904 

128-46 

•000035 

007706 

6904 

128-44 

•000035 

007712 

76-78 

128-20 

*000040 

•006658 

76-73 

128*17 

■000040 

•006666 

84-90 

12811 

*000046 

•005752 

84*74 

12804 

•000046 

•005772 

93 09 

12817 

*000052 

•004984 

9311 

128*10 

•000052 

•004995 

95-59 

128-24 

•000054 

•004771 






Observations on the relative density and thermal expansion of propyl alcohol have 
been made by Pierre and Puchot (‘Annales de Chim. et de Phys.,’ (4), 22, 276), 
and by Zander (‘Annalen,’ 214, 154). The observations are not in very good 
agreement. As there seemed to be doubt as to the individuality of the specimen of 
alcohol employed by Pierre and Puchot, the numbers given by Zander have been 
adopted, viz.:— 

V = 1 + *0 S 7460U + ‘0 6 49478« 2 + -0 7 13929f 8 . 

We have also employed his value d (0°/0°) = 0'8177 for the relative density. It 
happens to be the mean of the observations of Bruhl and Linnemann. 

Taking 

7 )l = *031452 t ? 8 = *004990 (calculated) = *012527 

t x = 7°*31 £ s — 93°*10 t z (from curve) = 45°*19, 

we obtain the formula 

8801350*0 

Vt ~ (135-75 + ’ 

which gives the following observed values :— 


i 
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Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

7°31 

•03145 

•03144 

-•00001 

55-06 

•02656 

•02556 

+ 00001 

22-86 

•02101 

•02098 

-•00003 

30-88 

•01732 

•01731 

-•00001 

31-02 

•01724 

•01724 

•00000 

38-79 

•01440 

-01442 

+ -00002 

46-47 

•01218 

-01218 

•ooooo 

54-33 

01030 

•01032 

+ 00002 

6174 

•00888 

■00889 

+ -ooooi 

6904 

•00771 

•00771 

•ooooo 

76-75 

•00666 

•00667 

+ 00001 

84*82 

•00576 

•00576 

•ooooo 

9310 

•00499 

•00499 

•ooooo 

95-59 

•00477 

•00478 

+ -ooooi 


Isopropyl Alcohol. (CH 8 ) 2 CHOH. 


A quantity of isopropyl alcohol from Kahlbaum was heated in a sealed tube with 
caustic baryta at 100°. A crystalline alcoholate separated out on cooling. This, 
together with the residual alcohol, was heated over a steam-bath and the product 
re-distilled and dried. It boiled between 82 0, 4 and 83°*4. Bar. 754‘4 millims. 
Corrected and reduced b.p. = 82°‘9. 

Vapour density: 

Found, 29‘88. Calculated, 30‘00. 

As the liquid was very viscid at low temperatures, and as the times of flow were 
therefore comparatively great (about 42 mins, at 0°'4), duplicate observations were 
not made below 66°. The observations for viscosity are as follows :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Oorr. 


Temp. 

Press. 

Corr. 

V- 

0-44 

130-28 

‘000006 

‘044861 

0-28 

13044 


•045174 

721 

130*55 

•000008 

•035568 

14-41 



•028157 

22-22 

130-73 

•000018 

•022204 

3055 

130-65 


•017275 

37-92 

180-42 

•000020 

•014053 

45-15 




61-97 

13043 

•000028 

•009771 

5939 

130-38 



66-61 

130-59 

•000038 

•006921 

66-60 

130-53 



7204 

180*68 

•000043 

•006138 

7201 




7810 

180-69 

•000048 

•005409 

78-08 

■ 
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The observations have been reduced by means of Zander’s values for the relative 
density at 0°, 0'7996, and his expression for the thermal expansion, 

V = 1 + *0*10534/ + -0 6 4430/ 8 + -0 7 27274« 8 

Annalen,’ 214, 154). 

Two formulae are required to reproduce the values with sufficient accuracy. The 
first extends from 0° to 40°, the second from 40° to 78°. 

They are respectively as follows: 

T _2175320000-0 _ T __ 192398-0 

L ‘ Vt — (141 . 72 + tyws ’ U * 7)1 — (86-259 + * 


The agreement between the observed and calculated values is seen in the following 
table 


Mean temp. 

1- 

Difference. 

Observed (mean). 

Calculated. 

0-36 

•045018 

•045018 

*000000 

7*21 

035568 

•035635 

+ -000067 

14*41 

028157 

*028191 

+ -000034 

22*22 

•022204 

-022126 

- -000078 

80*55 

•017275 

•017301 

+ 000026 

87*92 

•014053 

*014053 

•oooooo 

45*15 

•011604 

•011589 

- 000015 

51*97 

•009770 

•009753 

- 000017 

59*89 

008157 

•008161 

+ -000004 

66*60 

•006923 

•006938 

+ -000015 

72*02 

•006141 

•006147 

+ 000006 

78*09 i 

•005407 

•005407 

•oooooo 


Butyl Alcohol. CH 8 .(CH a ) 2 .CH s OH. 

A quantity of the alcohol obtained from Kahlbaum was dehydrated by caustic 
baryta. It boiled between 117 0, 25 and H7 o, 90. Bar. 764-6 millims. Corrected and 
reduced b.p. = 117 0, 42. 

Vapour density: 

Found, I., 36 02; II., 36-13. Calculated, 37-00. 

As the alcohol fs rather viscous at low temperatures, the time of flow at b°*27 
being nearly 50 minutes, single observations only were made up to 83°, The results 
are as follows;— 
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Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

n • 

0 




0°27 

130-28 

•000006 

051539 

10*69 

130-68 

•000008 

•037958 

21-83 

130-65 

•000010 

•028017 

3173 

130-33 

•000013 

021718 

42-91 

130-30 

•000017 

•016611 

5217 

! 

130-47 

•000021 

*013438 

j 61*99 

13046 

000026 

•010903 

72*24 

130-69 

•000031 

•008860 





8311 

13077 

•000038 

‘007184 

8315 

130*66 

•000038 

007182 

94-86 

130-50 

•000046 

•005817 

94 90 

130*43 i 

*000046 

•005817 

102-98 

130-69 

•000052 

•005094 

102*94 

130-57 

*000052 

•005099 

11408 

130-91 

•000061 

•004259 

114*14 

130-80 

*000061 

004259 


In the reduction of the observations we have employed Zander’s value, 0*8233, for 
the density at 0°, and his expression 

V = 1 + *0 3 83751 1 + *0 6 28634« 2 - *0 8 12415t s 

for the thermal expansion (‘ Annalen/ 224, 80). 

Two formulae are required to reproduce the values with sufficient accuracy. The 
first extends from 0° to 52°, the second from 52° to 114°. 

They are respectively as follows :— 

T • 65187600-0 Tf _ 117255-0 

i ' Vt ~~ (139-05 + tf mi ' 1A * 1,4 (91*997 + <> V2U0 * 


The agreement between the observed and calculated values is seen in the following 
table:— 


Mean temp. 


!• 

Difference. 

Observed (mean). 

Calculated. 

0-27 

•051539 

•051562 

+ *000023 

10-69 

•037957 

•037961 

-f- *000004 

21-83 

•028016 

•027992 

- -000024 

3173 

•021718 

•021724 

+ -000006 

42-91 

•016611 

•016597 

- -000014 

5217 

013438 

•013438 

•000000 

61-99 

•010903 

•010872 

- -000031 

72-24 

-008860 

•008838 

- -000022 

8312 

•007183 

•007190 

+ -000007 

94-88 

•005817 

•005835 

+ -000018 

102-96 

•005096 

•005092 

-•000004 

11411 

•004259 

•004259 

•000000 


3 Z 
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Isobutyl Alcohol, (CH 8 ) 8 CH.CH 9 OH. 

A sample received from Dr. Perkin was placed over anhydrous copper sulphate for 
a month, decanted, and distilled. It boiled between 107°*02 and 107°'4*2 (therm. 
567). Bar. 749*8 millims. Corrected and reduced b.p. = 107 o, 6. 

Vapour density: 

Found, 86*30. Calculated, 37*00. 


As the liquid is very viscous at low temperatures, the time of flow at 0°*45 being 
more than 77 minutes, only single observations were made in this series. 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

V* 

# Temp. 

Press. 

Corr. 


o 

9*90 

129-65 

•000005 

•055735 

0*45 

129-30 

*000004 

*079111 

27-82 

130*19 

*000009 

*030641 

38*38 

129*86 

*000013 

*022263 

47-44 

130-01 

•000016 

•017217 

56*59 

129-96 

•000021 

•013502 

C5-95 

! 

129-96 

•000025 

010697 

74*61 

128-64 

•000031 

■008748 


The sample was redistilled nearly two years after the first series of observations, 
and a second series taken. The alcohol was now found to boil between 107°*5 and 
108 o- 0 (therm. 1518). Bar. 769*1 millims. Corrected and reduced b.p. = 107°'5. 
This result agrees almost exactly with that first obtained. 

The following observations were made in the glischrometer :— 


Left limb. 

Right limb. 

Temp. 

Press. 

Corr. 

7* 

Temp. 

Press. 

Corr. 

V' 

O 




2772 

129-94 

•000010 

•030675 

37-94 

13027 

•000013 

•022522 

56*48 

129*40 

•000021 

•013571 

83*95 

129*61 

*000038 

007173 





93*90 

129*04 

*000046 

•005854 

i 9381 

128-96 

•000046 

•005874 

105*07 

! 128*84 

•000070 

•004751 

105*08 

i 

1 

12872 

•000070 

•004755 


In reducing the observations the density and values for the relative volumes at 
different temperature^ given by Pierre and Puchot (‘Ann. de Chim. et de Phys./ 
(4), 22, 306) were employed. 

On plotting the two series of observations they are found to lie on exactly the 
same curve. This agreement shows (1) that the sample was uniform in character, 
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and that it had suffered no ohange during the two years; and (2) that the dimensions 
of the glischrometer bad experienced no appreciable alteration during the same period, 
although it must have been washed and dried, heated and cooled, many hundreds of 
times during the interval. 

Three formulae of the Slotte type are required to reproduce the values with even 
approximate accuracy. The first extends from 0° to 38°, the second from 88° to 75°, 
the third from 75° to 105°. 

They are respectively as follows :— 

_ 14863700 n 11124400 ,,, __ 297903 

L y* ~~ (92-248 + tf m * ’ A1, — (86-751 + if mg * AAA ‘ 7?< — (63-14 + tf' m1 ' 

The agreement between the observed and calculated values is seen in the following 
table:— 


Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

o 

0-45 

•079111 

•079111 

*000000 

9-90 

*055735 

•055250 

— •000485 

19*01 

•039779 

•040285 

+-000506 

27-77 

•030658 

•030439 

-•000219 

38-16 

022392 

•022392 

•000000 

47-44 

•017217 

•017212 

-•000005 

56-48 

*013571 

*013549 

-•000022 

56-59 

*013502 

•013511 

+ *000009 

65-95 

*010697 

•010711 

+ *000014 

74-61 

•008748 

‘008748 

•000000 

83-95 

•007173 

•007160 

-•000013 

93-85 

•005864 

•005868 

+ •000004 

10507 

•004753 

•004753 

•000000 


Trimethyl Carbinol. (CH 3 ) 3 COH. 


A sample of this substance received from Dr. Perkin, which had been distilled with 
baryta and kept in a fused' state over anhydrous copper sulphate for six to seven 
weeks, was distilled. It boiled between 81°'83 and 82°*33. Bar. 756-1 millions. 
Corrected and reduced b.p. = 82°-25. 

Deter mina tions of its vapour density showed that the sample was probably still 
imperfectly dehydrated. 

I. II. 


Weight of liquid 
Volume of vapour 
Temperature . . 
Pressure , . . 


0'0329 grms. 

65‘77 cub. centime. 
100°*12 
166 # 6 millims. 


0*0572 grms. 

81"42 cub. centims. 
100°-12 
233*0 millims. 


Pound, I. =b 84*62; II. = 34*97. Calculated 37*00. 

3 Z 2 
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Unfortunately the quantity of the substance at our disposal was insufficient to 
enable us to submit it to further dehydration. 

The observations for viscosity were as follows :— 


Left limb. 

Bight limb. 

Temp. 

Press. 

Corr. 

V* 


Press. 

Corr. 

* 

o 




22*41 

130-67 

•000005 

*058877 

27-47 

130-93 

•ooooor. 

•045505 

3208 

129-21 

•000010 

•030047 

37-22 

129-32 

'000012 

023676 

42-41 

129-26 

•000015 

•019094 

47-82 

129-27 

■000018 

•015501 

52-99 

129-25 

■000021 

•012961 

57-94 

129-24 

•000025 

•010976 

62*09 

■ 

129-25 

•000028 

•009678 





68-35 

129-67 

•000033 

•008102 

73-47 

129-50 

•000038 

-007058 

73-47 

129-45 

•000038 

•007057 

77-07 

129-37 

•000041 

•006448 

7703 

129-32 

•000041 

•006447 


As the time of flow, especially at the low temperatures, was so considerable (at 
22 0, 41 it was nearly 57 minutes), only single observations were made up to 73°'47. 

In reducing the observations, the relative density d( 25°/25°) = 07836, given 
by Perkin (‘ Chem. Soc. Trans.,’ 45, 469), which gives d (0°/4°) — 0'8072, and the 
expression 


y =S 1 + *0 2 13126£ - -0 fl 88I55t 2 + -0 7 36121t s 

(Thorpe and Jones, loc . cit .) for the thermal expansion, have been employed. 

Two formulae are required to reproduce the values with sufficient aocuracy. The 
first extends from 20° to 50°, and the second from 50° to 77°. 

They are, respectively, as follows:— 

T _ 2-05152 TT __ 46-3090 

1. 7?, — 7 . 803 + ^1-8243 1 iX * Vt (5-077 + ty™ 14 * ’ 

The agreement between the observed and calculated values is seen in the fallowing 
table:— 
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Mean temp. 


Difference. 

Observed (mean). 

Calculated. 

22*41 

•058876 

•058876 

■000000 

3208 

030047 

•030045 

-•000002 

3722 

•023676 

•023298 

—*000378 

42-41 

■019094 

•018788 

—000306 

47-82 

•015501 

*015501 

*000000 

52-5)9 

•012961 

•012961 

•000000 

57-94 

010976 

•010992 

-f *000016 

62-09 

•009678 

•009667 

-•000011 

68-35 

008102 

•008079 

-*000023 

73-47 

•007057 

•007053 

-•000004 

77-05 

•006447 

•006447 

*000000 


Amyl Alcohol (optically active). CH 8 .CH 2 .CH(CH 3 ).CH s OH. 

We are indebted to Mr. J. E. Marsh, Oxford, for the specimen of optically active 
amyl alcohol which has served for our observations. Its rotatory power for sodium 
light was — 7° 34' for 20 centime, at 10°. It was placed over fused potassium 
carbonate for 18 days, and after decantation from the carbonate was distilled. It 
boiled between 127°*25 and 129°*25. Bar. 751*8 millims. Corrected and reduced 
b.p. = 128°-7. 

Vapour density:— 

Found, 43'46. Calculated, 44*00. 

The observations for viscosity gave :— 


Left limb. 

Right limb. 

Temp. 

Press, 

Corr. 


Temp. 

Press. 

Corr. 

1' 

* 




0*40 

13035 

•000003 

*109672 

11-63 

180-45 

•000004 

•069581 

23-30 

130*30 

*000007 

•045372 

34*75 

129*85 


•080788 

47-40 

129-73 

•000014 

•020880 

56-94 

129*82 

i 


•015956 

67-52 

129*76 

•000024 

012183 

79-25 

129*95 

i 


•009254 

91-88 

129*87 

•000031 

007075 

100-03 

112*79 

124*40 

180*09 

13018 

130*16 


006033 

004814 

*004003 

112-78 

124-32 

130*02 

130*07 

•000056 

•000066 

•004824 

•004013 

-_ 
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The time of flow of this alcohol at low temperatures is so great—at 0°*40 it was 
over 106 minutes—that only single observations were taken up to 112°*78. 

In reducing the observations we employed Perkin’s value, d(l5°/15°) = 0*81405, 
for the relative density, which gives d (0 o /4°) = *8880, and for the thermal expansion 
the expression 

V = 1 + 0 8 89028« + *0 5 U4376«* + 'OjlOirOt 8 

(Thorpe and Jones, loc. cit). 

Three formulea are required to reproduce the values with sufficient accuracy. The 
first extends from 0° to 35°, the second from 35° to 73°, the third from 73° to 124°. 

They are respectively as follows :— 

T _ 666527000 __ _ 974133 m _ 71*8436 

A ' 1?t ““ (101*51 + <) 4-8 ™ * A1 * y* ~~ (64*67 + <) 8 ' 2MJ ’ llJ " 1,4 _ (7*838 + <) sww * 

The agreement between the observed and calculated values is seen in the following 
tables:— 


Mean temp. 

V • 

Difference. 

Observed (mean). 

Calculated. 

0*40 

•109672 

*109811 

+ *000139 

11*68 

•069581 

•069517 

- -000064 

23*30 

*045372 

•045253 

- -000119 

34-75 

•030788 

•030788 

•000000 

47*40 

•020880 

*020850 

- 000030 

56-94 

016956 

*015983 

•+ -000027 

67-52 

•012183 

•012183 

•000000 

79-25 

•009254 

•009264 

+ -000010 

91-88 

•007075 

•007061 

- -000014 

100-03 

006033 

•006032 

-•000001 

112-78 

004819 

•004821 

+ '000002 

124-36 

: 

•004008 

•004012 

+• 000004 


Amyl Alcohol (optically inactive). (CH 8 ) 2 CH.CH 8 .CH 9 OH. 

Two samples of optically inactive amyl alcohol have served for our observations. 
For the first we are indebted to Dr. Perkin. It was a portion of that prepared by 
Professor Pedler by Pasteur’s method of fractional crystallisation from the various 
sulphamylates (‘ Chem. Soc. Trans.,’ voL 6, p. 74,1868). When tested in a Laurent’s 
polarimeter with monochromatic sodium light it was found to be quite inactive. 

It was placed over 'anhydrous copper sulphate for three weeks, and distilled. It 
boiled between 131°*15 and 131°*35. Bar. 759*4 millitas. Corrected and reduced 
b.p. 131°*29. 
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>+ 

Vapour density:— 

Found, I. 42*17 ; II. 42 31. Calculated, 44*00. 


The observations for viscosity gave :— 


Left limb. 

Bight limb. 

Temp, 

Press. 

Corr. 


Temp. 

Press. 

Corr. 


0 




0-39 

12976 

•000004 

*086402 

11-40 

129*96 

•000005 

•058225 

23-70 

129*34 

•000008 

*039222 

34-67 

129-44 

*000010 

*028239 

45-90 

129-44 

•000014 

*020719 

67-72 

129*63 

■000019 

*015303 





69-70 

129-48 

*000025 

*011582 

81-69 

12975 

•000031 

•008925 

9217 

129-87 

1 

*000038 

*007240 

102-97 

130*22 

•000046 

•005942 

115-53 

130-30 1 

i -000056 

•004804 





125-64 

13030 

I 

*000064 

*004107 

125-68 

I 130-24 

•000064 

•004101 


On account of the length of time of flow (about 84 minutes at 0°*39) only single 
observations were made except at about 125°, when duplicate readings were taken in 
both limbs. In reducing the observations we have used the value d (0°/4°) = *8254 
for the density, and the expression 

V = 1 + *0 3 92410< + *0 b 2642812® + *0 7 13486< 8 

for the thermal expansion (Thorpe and Jones, loc . cit.). 

The second sample of inactive amyl alcohol was prepared for ub by Mr. Greeves 
in the laboratory of the Royal College of Science, by Pasteur’s method. When 
examined in the Soleil-Dubosoq Polarimeter with a sodium flame, not the least indi¬ 
cation of rotation was apparent. 

It was carefully dehydrated by copper sulphate and distilled, when it was found to 
boil almost constantly between 131°*50 and 131 0l 55. Bar. 762 0 millims. Carr, and 
red b.p. = 131°*44. 

Vapour density: 

Found, 44*18. Calculated, 44*00. 


The observations for viscosity gave:— 
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Left limb. 

Right limb. 

Temp, 

Press. 

Corn 

V • 

Temp. 

Press. 

Com 


0 




0-24 

130-82 

•000004 

•084610 

11*91 

131-85 

•000005 

•056249 








23-83 

130*71 

•000008 

•038038 

84-25 

130-99 

•000011 

•028303 

4766 

130-67 

*000015 

019654 

58-74 

18088 

*000020 

•014847 

71-05 

130*94 

•000026 

•011210 

81-87 

131*35 

*000032 

•008888 





94-95 

! 131*54 

*000041 

■006870 

94 93 

131*42 

•000041 

! -006874 

104-57 

130*30 

*000047 

•005791 

104-58 

130*22 

•000047 

•005798 

117-66 

130*20 

*000058 

•004645 

117-54 

130*11 

•000057 

•004663 

12815 

130*24 

*000006 

003970 

| 

12806 

130*15 

•000066 

003979 


In reducing the observations the same values for the density and thermal expansion 
were used as in the case of the fixst sample. 

The results of the two series of observations show that the samples were not 
absolutely identical in character, although the general form of the curves is almost 
the same. From 0° up to about 80° the first sample is more viscous than the other. 
At 0° the difference amounts to about 2‘5 per cent., this gradually diminishes up 
to about 80° when the curves cross ; above 80° the first sample is slightly less viscous 
than the other, the extreme difference being about 1 per cent, at the boiling point. 

These differences may possibly be owing to the presence of a minute quantity of 
water in the first sample, which seemed moreover to be indicated by its lower vapour 
density and boiling-point. We prefer, therefore, to adopt the values afforded by the 
second sample as expressing the true viscosity of the inactive alcohol prepared by 
Pasteub’s method. 

Three formulae, given by the observations on the second sample, are required to 
reproduce the values with sufficient accuracy. The first extends from 0° to 40°, the 
second from 40° to 80°, the third from 80° to 128°. They are, respectively, as 
follows:— 

’ _ 778602000 ' _ _ 211442-0 _ 1156-78 

A * Vt — (117.79 4 ) 4 Siu# * 11 • Vt — ( 79.872 + <)*»»« ’ AAi * ^ “ (37-682 + t ) s ' M8 ‘ 

The agreement between the observed and calculated values is seen in the following 
tables:— 
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Mean temp* 

V - 

Difference. * 

Observed (mean). 

Calculated. 

6-24 

*084610 

•084610 

•oooooo 

11*91 

•056249 

•056276 

-f *000027 

23*83 

*038633 

•038475 

- *000158 

84*25 ‘ 

‘028303 

•028303 

*000000 

47*06 

•019664 

•019654 

*000000 

58*74 

•014847 

•014881 

+ *000034 

71 05 

•011210 

•011200 

-•000010 

81*87 

•008888 

•008888 

*000000 

94*94 

•006872 

•006885 

+ ‘000013 

104*57 

•006795 

005793 

- *000002 

117*00 

•004G54 

■004669 

+ *000015 

128*10 

•003974 

•003974 

*000000 


Dimethyl Ethyl Carhinol. (CH 8 ) 2 C(OH).CH 2 .CH 3 . 


Received from Dr. Perkin. After standing over dehydrated copper sulphate for 
five months it was found to boil between 101 o, 62 and 102 o, 52. Bar. 766*9 millims. 
Corrected and reduced b.p. = 101 o- 81. 

Two determinations of its vapour density gave the following results :— 


I. II. 

Weight of liquid.0*0478 grm. 0*0476 grm. 

Volume of vapour. 75*02 c.c. 74*36 c.c. 

Temperature.99°*18 99°*22 


Pressure.179*8 millims. 179*0 millims. 


Found, I. 41*00 ; II. 41*37. Calculated, 44*00. 


In spite of the prolonged treatment with copper sulphate the liquid was evidently 
not completely dehydrated. 

The observations for viscosity gave the following results :— 


4 A 


MPC0CXOTV.—A- 
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Left limb. 

Bight limb. 

• 

Temp. 

Press. 

Corr. 

V * 

Temp. 

Press. 

Corr. 


0 




049 

128-79 

-000002 

•137969 

9-31 

12915 

•000004 

•082034 

18-48 

128-73 

•000006 

•049978 

27-24 

128-86 

•000009 

•033643 

3642 

128-79 

•000013 

•023322 

45-05 

128-87 

•000017 

•017135 

5318 

128-79 

•000022 

•013199 

62-95 

128-87 

•000028 

■009943 





71-91 

12908 

•000035 

•007931 

8106 

128-95 

•000043 

006400 

89-94 

129 09 

•000051 

•005301 





95-69 

12918 

•000056 

•004722 

95 72 

12908 

•000056 

•004714 





96-70 

128-98 

•000057 

•004643 


In reducing the observations we have taken Perkin’s value d (15°/15°) = ’8144 
for the relative density (‘Chem. Soc. Trans.,’ 45, 471), which gives d( 0°/4°) = '8269, 
and the expression 

Yas 1 + -031066U + -0 6 17643* 2 + •0 7 14119< 3 

(Thorpe and Jones, loc. cit.) for the thermal expansion. 

Three formulae are required to reproduce the values with approximate accuracy. 
The first extends from 0° to 27°, the second from 27° to 63°, the third from 63° to 95°. 
They are respectively as follows :— 

_ 35091-0 T _ 3255-20 m _ 2159-86 

’h — (47-922 + tf mi ’ ” (37007 + t'f mH ’ • V* — ( 38-340 + <) 2 «» l ' 

The agreement between the observed and calculated values is seen in the following 
tab 1(3:— 


Mean temp. 

V* 

Difference. 

Observed (mean). 

Calculated. 

0-49 

•137969 

•137969 

•000000 

9*31 

•082034 

•080650 

- -001384 

18-48 

•049978 

•050067 

+ ’000089 

27-24 

•033643 

•033643 

•000000 

36-42 

•023322 

•023278 

- -000044 

45-05 

•017135 

•017133 

-•000002 

5318 

•013199 

•013204 

+ -000005 

62-95 

•009943 

•009943 

•000000 

71-91 

•007931 

•007935 

+ -000004 

81-06 

•006400 

•006418 

+ -000018 

89-94 

•005301 . 

•005303 

+ -000002 

95-70 

•004718 

•004718 i 

•000000 

96-70 

•004643 

•004625 j 

-•000018 
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Allyl Alcohol. CH a :CH.CH a OH. 

A portion of a sample received from Dr. Perkin. It was carefully dehydrated by 
lime. On distillation it boiled between 95°*74 and 96°’64, n = 51°, t = 30° (emergent 
column). Bar. 764*6 millims. Corrected and reduced b.p, = 96°*4. This number 
agrees closely with that previously found for this substance by one of us, viz., 96°*6 
(Thorpe, * Chem. Soc. Trans.,’ 1880, 210). 

Vapour density: 

Found, 28*41. Calculated, 29*00. 


Observations for viscosity:— 


Left limb. 

Eight limb. 

Temp. 

Press. 

Corr. 


Temp. 

Press. 

Corr. 

V- 

7-49 

128-22 

•000017 

■018065 

7*34 

128-14 

•000017 

*018139 

15-31 

128-22 

•000020 

*015079 

15*31 

12812 

*000020 

■015084 

22-76 

128*25 

*000023 

*012842 

2286 

12816 

•000023 

012819 

30*49 

12814 

•000027 

•010959 

30-51 

128-08 

•000027 

010953 

3804 

128*22 

•000031 

*009463 

3806 

128*12 

000031 

*009456 

46-41 

128*00 

000036 

*008096 

46*31 

127*93 

000036 

*008126 

54-14 

128*37 

*000041 

•007067 

54-06 

128*37 

*000041 

■007096 

60-71 

128*06 

*000045 

006337 

60-84 

128*06 

*000045 

006329 

68-84 ! 

128*66 

*000051 

005565 

68-89 

128 67 

*000051 

•005582 

76-79 

128*30 

*000057 

004922 

7684 

128 25 

j *000057 

•004927 

84-54 

128*22 

*000063 

004386 

84-46 

128*14 

: *000063 

004402 

92-14 

12812 

000069 

003945 

9239 

128*05 

! *000069 

•003936 





95-24 

127*99 

*000072 

•003792 


The observations have been reduced by means of the value d (0 o /4°)'= 0*8699 and 
the expression 

V = l + *0 S 99371« + •0 e 59986U* -f *0 7 122 8 5« 3 

(Thorpe, loc. cit.). 

Taking 

ijj = *018102 ij s = *003941 t/ 2 (calculated) = *008446, 

<j ss 7"*41 t a = 92°*26 t a (from curve) = 44°*08, 

we obtain the formula 

10748*4 

V ‘ ~~ (10942 + t) r7m * 


which gives numbers in good agreement with the observed values. 

4 a 2 
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Mean temp. 

7* 

Difference. 

Observed (mean). 

Calculated. 

o 

7-41 

•01810 

•01810 

•00000 

15-31 

•01508 

01508 

•00000 

22-81 

•01283 

•01281 

- -00002 

30 50 

•01096' 

•01094 

- -00002 

3805 

•00946 

•00945 

- -00001 

46-36 

•00811 

•00811 

•00000 

5410 

■00708 

•00708 

•00000 

60-77 

•00633 

•00633 

•00000 

68-86 

•00557 

•00556 

- -00001 

76-81 

•00492 

•00492 

•ooooo 

84-50 

•00440 

•00440 

00000 

92-26 

-00394 

00394 

•ooooo 

9524 

•00379 

•00378 

- -00001 


PART III.—DISCUSSION OF RESULTS. 

Introduction. 

Before proceeding to the discussion of the results obtained, it may be advisable to 
indicate briefly the factors upon which the magnitude of the viscosity may probably 
depend. 

Unlike several of the properties which have been investigated from a physico¬ 
chemical point of view, viscosity depends essentially on the forces in play between 
molecules—it is the result of extra-molecular actions. It has long been conjectured 
that the fundamental molecules of some liquids, at least, are really congeries of 
gaseous molecules. Naumann, from the boiling-points of isomejs; Ramsay and 
Young from the variations of saturated vapour densities; Guye and Young from 
critical densities, and others, have given evidence in favour of this conclusion. The 
most significant contribution to the subject, however, was made as long ago as 1886, 
by Eotvos (‘Wied. Ann.,’ 27, 452). He was able to show that for many liquids the 
rate of change of molecular surface energy with temperature was independent of the 
temperature and of the chemical nature of the liquids ; whereas for other liquids, like 
water, the fatty alcohols and the fatty acids, this was no longer the case. Eotvos 
attempted to show theoretically that to the former class belonged substances for 
which the complexity of the liquid molecule was the same as that of the gaseous 
molecule, while to the latter class belonged substances for which the complexity of the 
liquid molecule was the greater. He also indicated how the degree of complexity at 
any temperature might be ascertained. 

Quite recently, Ramsay and Shields (‘ Phil. Trans.,’ 1893), by means of the principle 
used by Eotvos, have largely supplemented the observations of the Hungarian 
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physicist. Their results serve to confirm the idea that the fatty acids, the fatty 
alcohols, and water, are liquids which contain congeries of gaseous molecules, and 
that acetone, glycol, propionitrile, and nitroethane belong to the same category. 
Thirty-six other liquids examined by them give, on the other hand, little evidence of 
association of molecules. Although this method of estimating molecular complexity 
has not been established by rigorous theoretical considerations either by Eotvob, or by 
Ramsay and Shields, it must be granted that there is now strong experimental 
support to the contention that liquids may differ from one another in regard to the 
complexity of their molecules. 

Since surface energy resembles viscosity, inasmuch as both are the result of extra- 
molecular effects, it is almost certain that the one as well as the other will be affected 
by molecular complexity. 

Hence, in dealing with viscosity, we must be prepared to find its magnitude 
influenced not only by the nature, number, and arrangement of the atoms composing 
gaseous molecules—intra-molecular factors which alone seem to operate in the case of 
properties like specific molecular volume and molecular refraction—but also by the 
extent to which the gaseous molecules become associated into complex groups in 
passing from gas to liquid. 

Graphical Representation of Results. 

After the observations of viscosity had been reduced, curves extending from 0° to 
the boiling-points of the particular liquids were plotted against viscosity coefficients as 
ordinates and temperatures as absciss®. On the scale adopted, 1 millim. corresponded 
to 0°‘2 in temperature, and to ‘00002 in the viscosity coefficient. On this scale a 
continuous curve could be drawn through the experimental points with little difficulty, 
as the observations taken in different limbs at the same temperature were often 
coincident, and were never so far apart as to admit of the introduction of any 
appreciable error by an arbitrary method of smoothing. 

On plotting the curves for a group of related substances on the same sheet of paper, 
marked regularities were often apparent between the relative disposition of the curves 
for the different members and their chemical nature. These regularities will be 
apparent from the reduced representations of the curves given in the following pages. 
To avoid complication, the experimental points through which the curves are drawn 
have not been indicated; it has to be remembered, however, that each curve represents 
on the average some 24 observations of the viscosity coefficient. The ordinates are 
multiplied by 10®. We now proceed to indicate the general features of these curves. 

Paraffins. 

The paraffins investigated were isopentane, pentane, isohexane, hexane, isoheptane, 
heptane, and octane. Fig. 5 represents the results obtained. In the case of the 
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par affins the curves are all of the same general shape; their order and disposition are 
such as to exhibit a direct connection between the chemical nature of the substances 
and the magnitudes of their viscosity coefficients. The curve for any paraffin always 
lies below and to the left of that of its next higher homologue; and, further, the curve 
for the isoparaffin always lies below and to the left of that for the normal paraffin. 
All the curves tend to approach as the temperature rises, but it is noticeable that at 

Pig. 5. 



40 80 


the same temperature the distance between the curves of isomeric paraffins is larger 
the higher the molecular weight. At the same temperature the viscosity is greater 
the higher the molecular weight and is lower for an iso- than for a normal compound. 
Another striking feature in the series is that all the curves stop almost exactly on a 
line drawn parallel to the horizontal axis. This means, of course, that at their respec¬ 
tive boiling points the paraffins have almost exactly the same viscosity coefficient. 

Unsaturated Hydrocarbons. 

Only three unsaturated hydrocarbons were investigated, viz., isoprene, /8-isoamylene, 
and diallyl. Fig. 6 represents the results. As in the case of the paraffins, the 
curve for isoprene C 6 H 8 lies to the left of that for diallyl C 8 H 10 ; each of these 
curves is also disposed in the same way with reference to the corresponding iso¬ 
paraffin ; that of isoprene being to the left of that of isopentane; and that of diallyl 
to the left of that of isohexane. The curve for ^8-isoamylene lies also to the left of 
that of isopentane, and is very close to that of isoprene. Isoprene C 6 H 8 gives 
a curve, however, which lies uniformly to the right of that for isoamyleue C S H 10 , 
although the molecular weight of the latter compound is very slightly the higher. 
Hence it would appear that differences in constitution may, in some cases, modify 
the influence of molecular weight. When, however, we compare strictly homologous 
hydrocarbons, it would appear that the relative position of the viscosity curves is 
mainly dependent on molecular weight. 
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Fig. 6. 



The position of the curve for diallyl is interesting, for when one allyl group only 
occurs in the molecule, as in the case of the allyl halides (v. infra), the curve for the 
allyl compound lies between the curves for the corresponding normal and isopropyl 
compounds, and is thus to the left of that for the normal compound only. When, 
however, two allyl groups occur in the molecule, as in the case of diallyl, the curve 
obtained lies to the left of that of the isopropyl (isohexane) as well as that of the 
normal propyl compound (hexane). 

Iodides . 


The iodides investigated were methyl iodide, ethyl iodide, isopropyl iodide, propyl 

Fig. 7. 



iodide, ispbutyl iodide, and allyl iodide. Fig. 7 represents the results obtained. 
Here striking regularity is again obvious. The curves are all of the same general 
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shape, and those for the saturated iodides are disposed in accordance with the 
molecular weights. 

Isopropyl iodide, as in the case of the paraffins, has at the same temperature 
always a lower coefficient than normal propyl iodide. The position of allyl iodide 
between normal and isopropyl iodides, and nearer to the normal than the iso-iodide, 
is noteworthy, and again indicates the influence of constitution on the viscosity 
coefficient. 

Bromides. 

Monobromides .—Five monobromides were examined, viz., ethyl bromide, isopropyl 
bromide, propyl bromide, isobutyl bromide, and allyl bromide. Fig. 8 represents the 
results obtained. 


8 

CD 


8 


§ 


On comparing the curves for the monohalogen compounds, the same kind of 
regularity as in the case of the iodides is apparent, both as regards their shape and 
order. The allyl curve occupies a position between those of the normal and isopropyl 
compounds as before, but is now about midway between the two. It is also to 
be noted that at the boiling-point the bromides have almost the same viscosity 
coefficient. This regularity, so marked in the case of the paraffins, was not apparent 
in the case of the iodides, but as the molecular weight falls it again asserts itself, not 
only in the case of the bromides, but also, as will be seen later, in the case of the 
chlorides. 

Dibromides .—The dibromides investigated were acetylene dibroraide, ethylene 
dibromide, propylene di bromide, and isobutylene dibromide. The results obtained 
are given in fig. 9, which also contains several of the monobromides, and in which, 
for the sake of comparison, the curve for bromine is also inserted. 

In order to keep the curves of somewhat the same size as in previous diagrams, the 
scale of ordinates and abscissae in this figure is two-and-a-half times as dose as it 


Fig. 8. 
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law hitherto been. Although the scale has thus been reduced, the general shape of 
the curves, since both ordinates and abscissae have been altered in the same ratio, is 
the same as it would have been on the previous scale. 

The marked effect of replacing an atom of hydrogen in a monobromide by an atom 
of bromine, is evident on comparing the curves of ethyl, propyl, and isobutyl bromides 
with the corresponding dihalogen compounds; at 0°, for example, ethylene bromide 
has a coefficient five times as great as that of ethyl bromide. Indeed, the entire 


Fig. 9. 



shape of the dihalogen curves differs from that of the mono-derivatives. For the 
latter, the slope of the curve varies little from member to member, and is comparatively 
speaking small. The slope, of course, is dq/dt and is the measure of the rate of 
change of the viscosity coefficient with temperature. In the case of the mono- 
derivatives, dqfdt is not only small but varies little as the temperature rises. For 
dihalftgftn derivatives the dope is considerably increased, and with it, its variation 
with temperature. 

It is also apparent that constitution exercises a marked effect in the case of the 

MDCCCXOiv.— A. 4 b 
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dibromides, for although the curves for acetylene, ethylene, and isobutylene bromides 
follow in the order of the molecular weights of the substances, that for propylene 
bromide lies to the left instead of the right of the curve for ethylene bromide. From 
such data as can be obtained on this point, the divergence is more probably due to the 
difference in symmetry between the structure of the molecules of ethylene and propylene 
bromides than to any possible difference in the complexity of the liquid molecules 
of these substances. It is significant that the curves for substances of which the 
molecules contain two atoms of bromine have such a different shape from those of 
mono-derivatives. Bromine itself, as shown by the similarity of its curve to that of 
acetylene bromide, behaves like a dibromide. This fact may be held to indicate 
the diatomic nature of its molecule. 


Chlorides. 

Four monochlorides were examined, viz., isopropyl chloride, propyl chloride, 
isobutyl chloride, and allyl chloride. Fig. 10 represents the results obtained. The 

Fig. 10. 



order of the curves for the monohalogen compounds shows the same regularity as is 
exhibited by the paraffins. The curve for the allyl compound is nearer the isopropyl 
than the normal propyl curve. It is therefore evident that although in the case of 
monohalogen compounds the allyl curve always lies between the propyl curves, there 
is a regular alteration in its relative position. It is nearer the normal curve in the 
case of the iodides, but nearer the iso curve in the case of the chlorides. At the 
boiling point the saturated mono-chlorides have, as in the case of the parent paraffins, 
almost the same viscosity coefficient. 


Dichlorid.es. 

Three dichlorides were investigated, viz., methylene dichloride, ethylene dichloride, 
and ethylidene dichloride. The results obtained are represented in fig. II, in which 
the curves for propyl and isobutyl chlorides are inserted for the sake of comparison. 
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The same effects as in the case of the dibromides are here traceable, the introduction 
of a second atom of chlorine exercising a marked increase in the viscosity constants. 
The curve for dichlormethane occurs to the right of the normal propyl curve, and 
both the dichloretbanes are to the right of the isobutyl curve. 


Fig. ll. 



The distance between the curves for the dichlorethanes indicates a difference in the 
characters of the two substances which seems almost too great to be accounted for by 
the mere difference in their chemical constitutions. Probably the molecular com¬ 
plexities of the two substances may not be the same. Schiff’s values for the surface 
tension of ethylene chloride give, however, no indication of molecular aggregation, 
and as yet there are no other data on this point. It is noteworthy that the curve of 
the sy mm etrical isomer lies to the right of that of the unBymmetrical isomer, a 
position analogous to that of the curve for symmetrical ethylene dibromide as 
compared with that of propylene dibromide. 

Poly-chlorinated Compounds. 

Measurements were made on the di-, tri-, and tetra-chlormethanes, and also on 
tetrachlorethylene. The curves obtained are represented in fig. 12. The curves for 
the chlormethanes follow one another in the order of their molecular weights. The 
distance apart of the curves for the tri- and tetra-chlor compounds is much greater 
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than that of the curves for the di- and tri- compounds, and points to the fact that the 
effect produced by the introduction of a chlorine atom into the molecule of a com¬ 
pound depends on the number of chlorine atoms already present. 


Fig. 12. 



The comparison of the curves for tetrachlorethylene, C S C1 4 , and tetrachlormethane, 
CC1*, is significant, as illustrating the effect of constitution in counteracting that of 
molecular weight, and also the effect of temperature on the relative viscosities of two 
substances. At low temperatures the compound of higher molecular weight has the 
lower viscosity, but, as the temperature rises, the curves cross, and the viscosity at the 
same temperature is in the order of the molecular weights. No crossing of the curves 
takes place in the case of any of the strictly comparable compounds which have 
hitherto been considered. 

Sulphur Compounds. 

Four compounds containing sulphur were investigated, viz., methyl sulphide, ethyl 
sulphide, carbon disulphide, and thiophen. The results obtained are represented in 
fig. 13. The curves for methyl and ethyl sulphides exhibit the same regularities in 
Bhape and position as other homologous compounds. 

Carbon bisulphide gives a somewhat steeper curve than the alkyl sulphides, but 
the position of the curves for the three substances is in accordance with their molecular 
weights. 
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Fig. 13. 



The curve for thiophen, C^H^S, is considerably to the right of that for ethyl sul¬ 
phide, C 4 H 10 S, and exemplifies the probable effect of the ring grouping of atoms in 
increasing the viscosity constants {vide infra). 


Aldehydes and Ketones. 

*r 

Observations were made on acetaldehyde and four ketones, viz., dimethyl ketone, 
methyl-ethyl ketone, diethyl ketone, aud methyl-propyl ketone. Fig. 14 represents 
the results obtained. 


Tig. 14. 



Aldehyde and the ketones give ourves which closely resemble one another, and in 
which dtf/dt is very small. The curves follow regularly in the order of increasing 
molecular weight. Methyl-propyl and diethyl ketones give curves of almost the same * 
shape, the latter lying uniformly to the left of the former; unlike the dichlorethanes, 
the symmetrical compound has in this case the smaller viscosity at the same tempera¬ 
ture. It should be stated, however, that the validity of this conclusion may be 







558 MESSRS. T. E. THORPE AND J. W. RODGER ON THE RELATIONS 

affected by the great difficulty of obtaining diethyl ketone in a condition of sufficient 
purity. 

Fatty Acids. 

Five members of this series were investigated, viz., formic acid, acetic acid, propionic 
acid, isobutyric acid, butyric acid. Fig. 15 represents the results obtained, on a 
scale two and a half times as close as that usually employed. 


Fig. 15. 



The character of the curves for the acids presents a marked difference from that of 
the paraffins and such of their derivatives as have hitherto been considered. One of 
the most important features is Been in the largely increased effect of temperature on 
the value of the viscosity coefficients of all the acids. In the case of formic acid, 
which most clearly indicates this point, the change in the coefficient between 0° and 
100° is '0244 ; whilst in the case of heptane, which has about the same boiling-point 
as formic acid, the change is only about '0032, or about one-eighth of the change in 
the case of formic acid. 

The most striking feature, however, in connection with the curves for the acids, is 
their relative disposition, which is exceptional, the anomaly being due to the peculiar 
behaviour of tbe lowest members of the series. Except at temperatures dose to the 
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boiling point, she curve for formic acid is to the right of all the others; at the same 
temperatures it has the greatest viscosity. On passing to acetic acid the viscosity 
fells, the curve for this acid lying uniformly to the left of the formic acid curve. The 
curve for propionic acid, in a similar way, comes to the left of that for acetic acid. 
The order of the curves for the three acids is exactly the opposite to what invariably 
obtains in the case of strictly homologous substances. The curve for butyric acid, 
however, takes up a normal position to the right of that for propionic acid ; isobutyric 
acid also conforms to the general rule, the curve being uniformly to the left of that 
of butyric acid, and to the right of that of propionic acid. 

This exceptional behaviour of the fatty acids is in all probability to be traced to 
differences in molecular complexity. Eotvos first suggested that the fatty acids 
contain complex molecules, and according to Ramsay and Shields all the acids we 
have examined contain molecular aggregates, and at all temperatures the complexity 
of formic and acetic acids is somewhat the same, and more than twice as great as that 
of any of the other acids, so that at all temperatures the weights of the liquid 
molecules of these two acids are greater than those of the others. It is thus possible 
to give a definite reason for the apparently anomalous position of the curves of the 
lowest acids. In the case of the normal paraffins and their monohalogen derivatives 
we are dealing with liquids which in all likelihood contain simple molecules, the 
molecular weights of the gas and the liquid are here the same, and here the curves are 
disposed in accordance with the ordinary gaseous molecular weights. 

In the case of the acids, however, the effect of the complexity of the liquid molecule 
is superadded, the molecular weights of gas and liquid are no longer the same, and 
the curves no longer follow one another in the order of the theoretical molecular 
weights, but their disposition evidently depends upon the weights of the liquid 
molecules. Although this reasoning indicates why the viscosity curve of formic 
acid should lie to the right of the others, it does not explain why the curve 
for formic should lie to the right of that for acetic acid, because from the measure¬ 
ments of Ramsay and Shields, the molecular weight of liquid acetic acid is at 
all temperatures greater than that of formic acid, and its viscosity at any temperature 
would” thus be expected to be greater instead of being less than that of formic acid. 
It is noticeable from the numbers given by Ramsay and Shields that with the 
exception of acetic acid the complexity of the first four acids diminishes with rise in 
molecular weight. If the anomalous position of the viscosity curves is due solely to 
the effect of complexity, it is indicated that acetic acid is really no exception to this 
rule. If, however, the results obtained by the surface-energy method of estimating 
complexity are valid, it must be admitted that the anomalous position of the curve 
for formic acid, with relation to that of acetic acid, is due to some peculiarity in the 
constitution of formic acid, which may be associated with the fact that it is the initial 
member of the homologous series, and does not contain a CH 3 or a CH 3 group. 
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Anhydrides . 

Acetic anhydride and propionic anhydride were the only members of this series 
which were examined. The curves obtained, together with that of propionic aeid, 
which is inserted for the sake of comparison, are given in fig. 16. 


Fig. 16. 



The curves for propionic anhydride and acetic anhydride are disposed in the order 
of the molecular weights. On comparing the dotted curve for propionic acid with 
those for the two anhydrides, it is evident that the absolute values of the coefficients 
for propionic anhydride are not very different from those for propionic acid at the same 
temperature., although the theoretical molecular weights of the substances differ widely. 
This is probably another instance of the marked effect of molecular complexity. 

From surface energy measurements it appears that liquid acetic anhydride contaias 
simple molecules, and from the position and course of the viscosity curve for propionic 
anhydride with reference to that of acetic anhydride, it is probable that liquid 
propionic anhydride is also simply constituted. Propionic acid on the other hand 
contains molecular aggregates, and from surface-energy measurements the average 
molecular weight of the liquid is almost 130, a number which is exactly the same as 
the molecular weight of gaseous and probably of liquid propionic anhydride. 

This is probably the reason for the proximity of the curves of propionic acid and 
propionic anhydride. 

Aromatic Hydrocarbons. 

Six members of this series were investigated, viz.: benzene, toluene, ethyl benzene, 
ortho-xylene, meta-xylene, and para-xylene. 

The results obtained are represented in fig. 17. 

The general character of the curves for the aromatic hydrocarbons is similar to that 
of the paraffins : dy/dt is comparatively small. One of the most striking points in 
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connection with them is the anomalous course of the benzene curve. At 0° benzene 
has a greater viscosity than ethyl benzene ; at about 10° the curves cross and for the 
greater part of its course the benzene curve lies between those of ethyl benzene and 
toluene. At about 80°, however, it cuts' across the toluene curve, so that at the 
boiling point of benzene the viscosity constants of benzene, toluene, and ethyl benzene 
are in the order of the molecular weights. The curve for toluene is uniformly to 
the left of that for ethyl benzene. Another striking point is the disposition of the 
curves for the three isomeric xylenes. The curves for the meta- and para-isomers 
lie between those of toluene and ethyl benzene, and thus uniformly to the left of the 
curve for the latter. The curve for the ortho-isomer however, is widely separated 


Fig. 17. 



from the other two and lies considerably to the right of the curve for ethyl benzene. 
It is also interesting, as emphasising the similarity between the meta- and para- 
compounds and the separation from them of the ortho-compound, that although at low 
temperatures para-xylene gives slightly larger coefficients than meta-xylene, yet 
between 110° and the boiling-point the two curves for tlie meta- and para-isomers 
are practically identical. 

The peculiar course of the benzene curve might at first sight appear, to indicate 
molecular complexity; an extensive series of surface-energy measurements made 
by Ramsay and Shields would appear to show however that this disturbing factor 
does not here exist. If we accept this conclusion, then difference in chemical constitu¬ 
tion must be taken to be the cause of the peculiarity, for it is easy to conceive that a 
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property like viscosity will be affected by the general contour of the moving molecule. 
The benzene molecule differs from those of all its homologues in containing no aide 
chains, and since the curves for the isomeric xylenes show that even a difference 
in the position of the side chains exerts a decided effect on the viscosity, the entire 
want of side chains may be expeoted to bring about a marked influence. 

The curve for benzene, the initial member of the homologous series of aromatic 
hydrocarbons, thus resembles formic acid, the initial member of the series of fatty acids, 
in having an anomalous position with respect to that of higher homologues. 

Alcohols. 

Eleven alcohols were examined, viz., methyl alcohol, ethyl alcohol, isopropyl alcohol, 
propyl alcohol, trimethyl carbinol, isobutyl alcohol, butyl alcohol, di-methyl ethyl 
carbinol, active amyl alcohol, inactive amyl alcohol, and allyl alcohol. Fig. 18 
represents the results obtained for methyl, ethyl, isopropyl, propyl, isobutyl, butyl 
and allyl alcohols. The scale in this diagram, as in all those relating to the alcohols, 
is two and a half times as close as that usually employed. 

The peculiar character of the alcohol curves is at once evident. Here the tendency 
of the slope to deviate from the small values which it has in the case of the paraffins 
and their monohalogen derivatives reaches a maximum. Even methyl alcohol, over 
the comparatively short temperature range between 0° and its boiling point, gives 
large values of drf/dt, the curve being of the same general shape as the high tempera¬ 
ture regions of the curves of the higher alcohols. In the case of isobutyl alcohol, 
for example, the change in viscosity between 0° and 100° is *0751 ; over the same 
temperature range heptane has a viscosity change of *0032, so that the same tempera¬ 
ture change exerts almost twenty-five times as great an effect on the viscosity 
coefficient in the case of the alcohol as it does in the case of the hydrocarbon. 

The continuous curves in the diagram refer to the four lowest members of the series 
of normal alcohols. It will he seen that the curves are disposed in accordance with 
the theoretical molecular weights of the alcohols. There is no anomaly such as that 
which occurs in the case of formic and acetic acids, although there is every reason to 
believe that molecular grouping takes place in the case of the alcohols just as in the 
case of the acids. 

From Ramsay and Shields’ observations on the four normal alcohols at low 
temperatures, methyl alcohol is the most complex, and the complexity steadily 
diminishes with rise in molecular weight, so that in the case of butyl alcohol it is only 
about half what it is in the case of methyl alcohol. Although this is assumed to be 
the case, the molecular weights of the liquid alcohols still follow one another in the 
order of the theoretical molecular weights, so that the disposition of the viscosity 
curves is in conformity with the weights of the liquid molecules indicated by surface- 
energy observations. 
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The curves for the lower iso alcohols lie no longer uniformly on one side of those of 
the corresponding normal alcohols. The two available comparisons show that the 
iso-curve outs that of the normal isomer, so that at high temperatures the iso-curve, 
as is generally the case, lies to the left of the normal curve, whilst at low temperatures 


Fig. 18. 




it lies to the right, dij/dt at any temperature is uniformly greater for the iso- than 
for the normal alcohol. 

Hie crossing of the curves is probably also to be traced to different rates of decom¬ 
position of liquid molecular aggregates. Bamsay and Shields’ observations indeed 
indicate that the molecular weight of liquid isobutyl alcohol is greater at low 
temperatures, and less at high temperatures than that of butyl alcohol. In the 
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absence of any satisfactory theory little stress can, however, be laid upon the numbers 
given by surfaoe-energy observations in so far as they relate to the extent of mole¬ 
cular aggregation or to its variation with temperature. Ramsay and Shields' 
observations indicate that in some cases complexity increases with rise in temperature; 
viscosity gives no indication of such an increase. Their measurements also show that 
liquid isopropyl alcohol has a higher molecular weight than either normal or isobutyl 
alcohol: the viscosity curve of isopropyl aloohol is, however, to the left of those for 
alcohols higher in the series. 

The curve for allyl alcohol is still between those of ethyl and propyl alcohols, just 
as in the case of the paraffins and their derivatives; its position relative to the 
isomeric propyl alcohols is, however, no longer the same, a fact no doubt due to mole¬ 
cular complexity. According to Ramsay and Shields’ observations, the molecular 
weight of liquid allyl alcohol is almost the same as that of liquid methyl alcohol; 
the position of the curves for these two alcohols is, however, very different, the 
difference being due, in part at least, to the influence of chemical constitution. 

The profound effect of constitution and molecular complexity on the relative dis¬ 
position of the alcohol curves, and also the effect of temperature in altering this 
disposition, is evident on comparing the isomeric butyl and amyl alcohols. 


Butyl Alcohols, 

Three isomeric butyl alcohols, viz.: trimethyl carbinol, isobutyl alcohol, and normal 
butyl alcohol were examined. The results are represented in fig. 19. Tertiary butyl 
alcohol at low temperatures, just above its freezing-point, has the largest viscosity; 
as the temperature rises, however, its viscosity curve cuts across those of the iso- and 
normal isomers, so that at temperatures near its boiling-point it has the lowest 
viscosity. Isobutyl alcohol at low temperatures has, in a similar way, a much greater 
viscosity coefficient than the normal isomer, but, as already shown, the curve for the 
former crosses that of the latter as temperature rises. 

Ether, 

The curve for ether which is, of course, isomeric with the butyl alcohols, is intro¬ 
duced to show how markedly the chemical constitution and the molecular- complexity 
of a liquid affect its viscosity. 

Amyl Alcohols, 

Fig. 20 represents the results of the determinations on di-methyl ethyl carbinol, 
active amyl alcohol, and inactive amyl alcohol. 

As in the case of the butyl alcohols, the tertiary isomer has at low temperatures 
the largest viscosity. Eventually, however, its viscosity curve crosses those for the 
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inactive and active alcohols, and at higher temperatures it has the smallest viscosity. 
The curve of the active alcohol stands in the same relation to that of the inactive 
alcohol as that of isobutyl aloohol does to that of normal butyl alcohol Of all the 
liquids examined, dimethyl ethyl carbinol exhibits in the most marked degree the 


Fig. 19. 



effect of temperature on the viscosity coefficient. At 0°, the value of the coefficient 
is *14179 dyne, while at 101°*9, the boiling-point of the alcohol, the coefficient is 
only *09418 dyne, or only about yyth of the value which it has at 0°. 

The general character of the curves for the alcohols clearly shows that even in 



566 


MESSES. T. E. THORPE AND J. W. RODGElt ON THE RELATIONS 

monohydric alcohols there is the indication of the high values of the viscosity 
coefficient which are known to characterise the glycols, glycerin, and other poly- 
hydric alcohols. 


Fig. 20« 



The feature which is common to all those curves, as has been already stated, is the 
large value of the slope. Temperature exerts a profound effect on the value of the 
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viscosity, and thus we have peculiar steep curves indicating at low temperatures values 
for the viscosity coefficient which are enormous when compared with those of, say, 
the paraffins. This rapid increase in the value of the viscosity is, in all probability, 
to be associated with increasing complexity in the molecule of 'the liquid alcohol, a 
complexity which is probably much greater in the case of the polyhydric alcohols. 

It is further to be noted that the viscosity curves which most closely resemble 
those of the alcohols are those of water and the fatty acids, and these are just the 
liquids which, along with the alcohols, have, on independent grounds, been held to 
consist of complex molecules. There is thus strong support to the idea that large 
vtdues in d-qjdt are to be ascribed to changes of molecular complexity, and, further, 
that marked change of complexity is exhibited so far as our viscosity observations 
go by only one type of substances, namely, those which, like water, an acid, or an 
alcohol, contain a hydroxyl group. The peculiarities above referred to are thus 
related to the chemical nature of the substances, and comparisons of the curves for 
hydroxy compounds such as water, formic acid, and propyl alcohol with that of 
heptane, all of which substances have boiling points which differ at most by only 4°, 
makes evident at a glance the peculiarity here considered. 

The following tables contain values of the coefficients of viscosity read off at 
intervals of 10° from the curves originally plotted. Besides giving an idea of how the 
viscosity coefficient varies from substance to substance the numbers may serve as data 
for ascertaining, either graphically or by the ordinary interpolation formulae, the 
values of the coefficients at particular temperatures :— 


Coefficients op Yiscosity (dynes per sq. centim.). 


Hydrocarbons. 


Paraffins. 


Tomp. 

Pentane. 

Hexane. 

•Heptane. 

Octane. 

Isopentane 

Jsohexane. 

! 

Isoheptane. 

. 

0 

•00283 

•003965 

•00519 

•00703 

•00273 

•00371 

■ i 

•00477 | 

10 

002555 

•00355 

•00460 

•00(5125 

•00246 

•003325 

•00423 ! 

20 

•00232 

•00320 

■004105 

•00538 

•00223 

•00300 

•00379 

30 

00212 

•00290 

•00369 

•004785 

•00204 

•002725 

■003415 

40 


•00264 

•00334 

•00428 

• ft 

•00247 

•00309 

50 


•00241 

00303 

•003855 

• ft 

•002255 

•002815 

60 


•00221 

00276 

•003495 

ft ft 

•00208 

•00257 

70 

1 


•00253 

•00318 

ft ft 

• • 

•00235 

80 



•00232 

•002905 i 

1 ft 

• * 

•00216 

90 



•00214 

•00266 

K ft 


•00200 

100 



• * r 

•002445 




110 



• ft 

•002255 




120 



ft # 

•002075 

i 



i 
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Unsaturated Hydrocarbons. 


Temp. - 

Isoprene. 

Diallyl. 

Isoamyl eue. 

0 

0 

•00260 

•00339 

•00254 

10 

•00236 

•003035 

•00281 

20 

•002155 

•00274 

•002115 

80 

•00198 

•00249 

•00194 

40 

* * 

•00227 


50 

• » 

•002075 



Iodides. 


Temp. 

Methyl 

iodide. 

Ethyl 

iodide. 

Propyl 

iodide. 

Isopropyl 

iodide. 

Isobutyl 

iodide. 

Allyl 

iodide. 

o 

0 

•005945 

•00719 

•00938 

•008785 

•011625 

•00930 

10 

•00536 

•00645 

•00827 

■00775 

•00996 

*00819 

20 

•00487 

•00583 

•00737 

•00690 

•00870 

•007265 

30 

•00446 

•00530 

•006615 

•00619 

•007715 

•006515 

40 

•00409 

•00484 

•005985 

•00559 

•006905 

•005885 

50 


•00444 

•005435 

•00507 

00622 

•005345 

60 


•00409 

•00497 

•00463 

005635 

•004885 

70 

i 

00378 

•00456 

•00424 

•005135 

•004475 

80 


• • 

004195 

•00389 

004695 

00412 

90 


• * 

•00387 

• • i 

00430 

00381 

100 


• * 

•00359 


•00396 

•00352 

110 


• 0 

• ♦ 

• • 

t 00366 


120 


0 0 

• * 


| ‘00338 



Monobromides. 


i 

Temp. 

Ethyl 

bromide. 

. 

Propyl 

bromide. 

Isopropyl 

bromido. 

Isobutyl 

bromide. 

Allyl 

bromide. 

o 

0 

•00478 

. ., 

•00645 

•006045 

•008235 

•00619 

10 

•004315 

•00575 

•00538 

•00721 

•00552 

20 

•00392 

00517 

■00482 

•00638 

•004955 

30 

•00357 

•00467 

•00435 1 

•00569 

00449 

40 

, * 

•00425 

•00394 ! 

005115 

•004095 

50 


•003875 

*003585 

•004625 

•00374 

60 

, , 

003555 

* • : 

00419 

•003435 

70 


•003275 

4 0 

•00382 

•00316 

80 

„ , 

• * 

4 0 

•003485 


90 

• • 

** 

*« 

•003165 j 
















BETWEEN THE VISCOSITY OF LIQUIDS AND THEIR CHEMICAL NATURE. 569 


Dibromides and Bromine. 


Temp. 

Ethylene 

bromide. 

Propylene 

bromide. 

Isobutylene 

bromide. 

Acetylene 

bromide. 

Bromine. 

0 

0 

•02435 

•022995 

•03316 

•01230 

•012575 

10 

•02035 

•01910 

02653 

•01083 

*01109 

20 

•01716 

01619 

•02189 

•009595 

009935 

80 

•01470 

•01394 

•01818 

•00860 

•008985 

40 

•01280 

•012155 

•015455 

•00778 

•00817 

50 

•01124 

•01073 

•01331 

•007075 

•00746 

60 

•009985 

•009525 

•01163 

•00648 


70 

•00895 

•00853 

•01025 

•00596 


80 

•00808 

•00769 

•00909 

•00550 


90 

•00733 

•00697 

■00813 

■005095 


100 

•00668 

•00635 

•007315 

•004735 


110 

00611 

•005815 

•00662 



120 

•00562 

005345 

*00602 



130 

00518 

•004035 

•00550 



140 

i 

•00456 

j 

•00505 




Monoohlobides and Culorethanes. 


1 Temp. 

Propyl 

chloride. 

' 

Isopropyl 

chloride. 

Isobutyl 

chloride. 

Alljl 

chloride. 

Ethylene 

chloride. 

Ethyl idene 
chloride. 

o 

0 

00436 

•00402 

*005835 

•00406 

*01128 

•006215 

10 

•00390 

•00358 

00514 

•003645 

•00961 

•00549 

20 

00352 

*00322 

•004565 

003295 

00833 

00490 

! 30 

00319 

•002915 

■00408 

00299 

00730 

004405 

1 40 

•00291 

♦ • 

*003665 

•002735 

•006455 

003985 

50 

• • 

• • 

•00832 

i 

•005765 

003625 

60 

• • 

j 

*003015 

., 

•00519 


70 

.. < 

f f 


• • 

•00470 j 


80 

! 

! 

•• 


• • 

’ 

00426 



Chlormethanes and Tetrachlorethylene. 


Temp. 

Methylene 

dichloride. 

Chloroform. 

Carbon 

tetrachloride. 

Carbon dichloride. 

0 

•005.36 

•00700 

013465 

•01139 

10 

•004805 

•00626 

•01133 

•010035 

20 

004355 

•00564 

•00969 

•008925 

30 

■003965 

•00511 

•008415 

•00803 

40 

•00363 

•004655 

•00738 

•007265 

50 


*00426 

*006535 

•00661 

60 


•00390 

•005835 

•00605 

70 



•00524 

•005565 

80 


• ♦ 

• • 

•00514 

90 




•00475 

100 


• + 

• • 

•00441 

HO 


.. 

« • 

•004105 

120 



* • 

*003825 
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Compounds Containing Sulphur. 


Temp. 

Methyl Sulphide. 

Ethyl Sulphide. 

Thiephen. 

•Carbon Bisulphide. 

e 

0 

•00364 

•00559 

•00871 

•004295 

10 

*00321 

*00496 

•00752 

•00396 

20 

*00293 

•004445 

•00659 

•00367 

30 

002685 

•00401 

•00583 

•00342 

40 


•00363 

•00520 

•00319 

50 


•00331 

00468 


60 


•003035 

•00424 


70 

0 0 

•00279 

•003855 


80 

* * * 

•00257 

•00350 


90 

i 

i 

•00237 




Acetaldehyde and - Ketones. 


Temp. 

Aldehyde. 

Dimethyl 

ketone. 

Methyl-ethyl 

ketone. 

Diethyl 

ketone. 

Methyl-propyl 
ketone. 

o 

0 

•00267 

•00394 

•005385 

00595 

*00644 

10 

•002435 

•00356 

•00475 

00525 

•00565 

20 

•002215 

■003225 

*00423 

•004655 

00501 

30 


•00293 

•003795 

•004195 

*004485 

40 


•00268 

•003425 

•003795 

•00404 

50 


•002455 

•00311 

•003445 

•00366 

60 



002845 

00315 

*003335 

70 



•00260 

•00289 

•00305 

80 



002395 

•002655 

•00280 

90 




•00245 

*00258 

100 

| 


• * 

•00226 

*00238 j 


Fatty Acjds. 


J Temp. 

Formic. 

Acetic. 

Propionic. 

Butyric. 

Isobutyric. 

o 

0 

(solid) 

(solid) 

1 

•02284 

•01885 

10 

*02245 

(solid) 

■ . ■ 1 

•01849 

•01566 

20 

*01782 

01219 

•01099 

*01538 

•01315 

30 

•01457 

•01036 

•00956 

•01301 

•01126 

40 

•012155 

•00901 

•00841 

•011175 

•00977 

50 

010315 

•00791 

•00747 

•009715 

•00858 

60 

•00887 

00700 

•OOG685 

•008535 

•00760 

70 

*00775 

•00625 

•006015 

•00756 

•00678 

80 

•00682 

•00560 

•005445 

•00674 

•00609 

90 

•00606 

*00505 

•00495 

•006045 

•00548 

100 

•00542 

•004575 

•00452 

•00545 

•00495 

110 


•004165 

•004135 

•00494 

00449 

120 



•003795 

•004495 

•00410 

130 



•003495 

•00409 

•003755 

140 



•003215 

•00374 

•00345 

150 




•00343 

•00317 

160 



* • 

•00314 
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Anhydrides (Oxides). 


Temp. 

Acetic. 

Propionic. 

0 

0 

*012415 

*01608 

10 

•01049 

*01327 

20 

•00902 

•01116 

SO 

•00787 

•00957 

40 

•0069S5 

•008315 

50 

*000165 

•00730 

60 

00553 

00647 

70 

00499 

00578 

80 

! *00453 

*00521 

90 

•004125 

•004715 

100 

•00377 

•004295 

110 

•00347 

*00399 

120 

*00320 

*003595 

130 

*002965 

•00331 

140 

• * 

•00306 

150 

1 

i * • 

•00284 

160 

t 

i 

*002635 

i 


Aromatic Hydrocarbons. 


Temp. 

Benzene. 

Toluene. 

Ethyl 

benzene. 

Ortho-xylene. 

Meta-xylene. 

Para- xylene. 

o 

0 

*009025 

•007685 

•00874 

•011025 

*00802 

(Solid at 0°) 

10 

•00769 

•006675 

*00758 

■00934 

*006975 

•00735 

20 

•00(549 

•00586 

•006665 

■00807 

00615 

*006435 

80 

•00562 

•00520 

•00592 

*007055 

*00547 

•005695 

40 

00492 

•00466 

*00529 

00623 

*00491 

■005085 

50 

•00437 

004195 

•00477 

•005555' 

*004445 

*004575 

60 

•003905 

•00381 

•00432 

•004H95 

*00404 

•00412 

70 

•00351 

•003475 

•00394 

•004525 

•00369 

•00377 

80 

•00327 

*00318 

•00360 

•00411 

•00339 

*00345 

90 

• « 

*002915 

*003:105 

00376 

00313 

*00317 

100 

* 4 

•002695 

•003045 

•003455 

*00289 

*00292 

no 

* * 

•00250 

j *002815 

•00318 

•00269 

*00270 

120 

1 

• • 

4 1 

*00262 

•00294 

*00250 

*002505 

130 

• 4 

4 4 

| -002435 

•00273 

*00233 

*00233 

140 

i 

4 4 

4 4 

♦ • 

•00254 
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Fatty Alcohols. 


Temp. 

Methyl 

alcohol. 

Ethyl 

alcohol. 

Propyl 

alcohol. 

Butyl 

alcohol. 

Allyi 

alcohol. 

alcohol 

o 

0 

•00813 

•01770 

•03882 

•05185 

•02144 

•04564 

10 

-00680 

•01449 

•02917 

•08872 

•01708 

•08245 

20 

■00691 

*01192 

•02255 

•02947 

•01361 

•02369 

30 

•00516 

•009895 

•017775 

•02266 

•01165 

•01755 

40 

‘004505 

•008275 

•01403 

•01780 

•00911 

•01329 

50 

'00396 

•000975 

•01128 

•01409 

•007595 

•01026 

60 

! '003495 

•005915 

•00919 

•011365 

•00642 

•00804 

70 

0 • 

•005045 

•00757 

•009265 

•005475 

•00642 

80 

0 0 

# , 

•00628 

•00762 

■00470 

•00520 

90 

9 9 

* • 

•00526 

•006335 

•00407 


100 

9 0 


, , 

•005345 



110 


** 

•• 

•004545 




Fatty Alcohols—( continued). 


Temp. 

Isobutyl 

alcohol. 

Trimethyl 

carbinol. 

1 

No. I. 
Inactive 
amyl alcohol. 

No. 11. 
Inactive 
iimy] alcohol. 

Active 

amyl alcohol. 

Dimethyl 

ethyl 

carbinol. 


•08038 

(solid) 

•08762 

•08532 

11129 

•14179 


•05547 

(solid) 

*06107 

■06000 

■07425 

•07860 


*03906 

(solid) 

•04390 

•04341 

•05091 

•04642 


'02863 


•03234 

•03206 

•03593 

•03000 


•02121 


•02433 

•02414 

•02606 

•02044 

■ • 

01609 

•014355 

•01862 

•01849 

•019355 

•01457 

■ 

01239 

'010295 

•01449 

•01443 

•01472 

•010775 

■e 

•00973 

•00772 

•011495 

*01147 

•01147 

•00830 

80 

•00779 

'005995 

•00924 

•009235 

•00909 

•006575 

90 

•00633 


•00757 

•007575 

•00735 

•00530 

100 

•00521 

0 9 

•00626 

•006275 

•00605 

•00434 

110 

, # 

9 • 

•005265 ! 

•00529 

•00505 


120 


• e 

•004475 

•004505 

•00429 


130 

1 

• • 

• • 

•003835 1 

00386 


! 


Ether and Nitrogen Peroxide. 


Temp. 

Ether. 

Nitrogen peroxide. 

0 

•00286 

•005275 

10 

•002585 

■00468 

20 

•002345 

•00418 

30 

■00212 
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Conclusions drawn from the Graphical Representation of the Results. 

From the graphical representation of the results, we appear to be justified in 
assuming that the value of the viscosity coefficient depends not only on molecular 
weight and chemical constitution but also on molecular complexity. 

For liquids which probably contain simple molecules, or for which there is, in any 
case, little evidence of the association of gaseous molecules, the following conclusions 
may be drawn :— 

(1) In homologous series, or in series of related substances, the viscosity is greater 
the greater the molecular weight. 

(2) An iso-compound has always a smaller viscosity coefficient than the correspond¬ 
ing normal compound. 

(3) An allyl compound has in general a coefficient which is greater than that of 
the corresponding iso-propyl compound, but less than that of the normal propyl 
compound. 

(4) Substitution of halogen for hydrogen raises the viscosity by an amount which 
is greater the greater the atomic weight of the halogen. 

Successive substitution of hydrogen by chlorine in the same molecule brings about 
different increments in the viscosity coefficient. 

(5) In some cases, as in those of the dichlorethanes, constitution exerts a marked 
influence on the viscosity; and in the case of the dibromides and benzene it may be 
so large that the compound of higher molecular weight has the smaller viscosity. 

(6) Cei-tain liquids, which probably contain molecular complexes, do not obey these 
rules. Formic and acetic acids are exceptions to rule (l). The alcohols conform at 
some, but not at all, temperatures to rule (2); at no temperature, however, do they 
conform to rule (3). 

(7) Liquids containing molecular complexes have in general large values of drjjdt. 

(8) In both classes of liquids the behaviour of the initial members of homologous 
series, such as formic acid and benzene, is in some cases exceptional when compared 
with that of higher homologues. 

Algebraic Representation of Results. ' 

We have already discussed the various types of mathematical expression which 
have been suggested in order to represent the relation of viscosity to temperature. 
As already stated, we found that, on the whole, the most satisfactory formula hitherto 
devised is that due to Slotte. We, therefore, next sought to determine whether 
any connection could be traced between the magnitudes of the constants in this 
formula and the chemical nature of the substances. Writiug the formula in the 
shape i) ss C/(l -f- &«)", where C is ij 0 , the viscosity coefficient at 0°, it is seen—as, 
indeed, follows from the previous discussion of the disposition of the curves—that, in 
general, in any series, of related substances: 
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(1) C increases as the molecular weight increases; 

(2) C for an iso-compound is less than for the corresponding normal compound; 

(3) C for an allyl compound is less than for the corresponding normal propyl 

compound but greater than for the isopropyl compound. 

Exceptions to (1) occur in the case of lowest members of the series of fatty acids, 
aromatic hydrocarbons, and dibromides. Exceptions to (2) and (3) occur in the case 
of the alcohols. 

As to the magnitude of C in passing from one series to another nothing very 
definite can be said. The corresponding iodides, bromides, and chlorides give values 
which are in the order of their molecular weights; the acids and alcohols, however, 
although possessing smaller theoretical molecular weights than the corresponding 
iodides, give larger values of C, due, doubtless, to the influence of molecular 
complexity. 

As regards the other constants of the formula, n and b are terms connected with 
the temperature variation of rj. It is evident, however, from the appended table that 
the magnitudes of these terms are not simply related to the chemical nature of the 
substances. Pentane and isopentane, for example, give different values for these 
constants, although the two experimental curves are almost superposable. 

This is doubtless due partly to the facts — 

(1) That Slotte’s formula does not express the true law of the temperature change 
of the viscosity, and 

(2) That only three observations are used in deducing the formula; but mainly to 
the circumstance 

(3) That the values of n and b are interdependent, so that different pairs of values 
of n and 6 may be found which give, with the same value of C, practically the same 
viscosity curve, and, from the mode of deducing these constants, the individual values 
of n and b are often affected by influences which fall within the limits of experimental 
error. 

(1) and (2). For short straight curves the formula gives numbers which closely 
agree with the observed values, the differences exhibiting no regularity. In the case 
of isopropyl chloride, for instance, the calculated values agree with those of observa¬ 
tion to the fourth significant figure—that is, on an average, to 1 part in 2000; or 
with a degree of accuracy which is certainly as high as we may suppose the observa¬ 
tions themselves to possess. As soon, however, as the length of the curve increases, and 
the slope begins to vary considerably as the temperature rises—that is, as soon as the 
observed curve commences to deviate to a marked extent from the linear type—the 
formula begins to break down, and the differences vary in a regular way, and indicate 
that at low temperatures the calculated curve is to the right and at high temperatures 
to the left of the observed curve. Attempts were made to obtain a better agreement 
in cases such as this. Professor Henkici, to whom we are indebted for much 
assistance in the mathematical treatment of our results, spent some considerable time 
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in attempting to deduce a suitable formula; and on the publication of Slotte’b paper 
he sought, by an application of the method of least squares, to employ the whole of 
the experimental .results in arriving at the values of the constants. The improve¬ 
ment, however, was hardly commensurate with the arithmetical labour involved. 

It follows by differentiating Slotte’s formula in the shape 

v = c/(a + <)" 

that 

dr\ — dc — r) log, (a + t) dn - da, 

and on using the differences between the observed values of rj and those deduced by 
Slotte’s formula as values for dr), as many equations as there were observations were 
obtained. These were then added together into three groups, the sums being solved 
for dc, dn, and da, the corrections to be applied to the constants in the original 
formula. The results obtained by this method were again but a slight improvement 
on those given by the unmodified constants. Of course, better agreement would be 
obtained by introducing more constants into the formula. Immediately this is done, 
however, the simple character of the formula disappears, and it is rendered unwieldy, 
and indeed, unsuited for carrying out a general physico-chemical inquiry as to the 
dependence of viscosity on temperature. 

The worth of the simple formula can only be tested when some means has been 
devised for employing all the observations in deducing it. In some cases it was 
obvious that all or most of the differences between observed and calculated values 
were of the same sign, so that by slightly altering the value of C, and thus shifting the 
calculated curve, a better agreement could be obtained. When possible this was done. 

As stated before, the closeness of the agreement between the formula and obser- 
tion depends on the slope. As the difference between the slopes at 0° and the 
boiling point increases, the deviations increase. For many liquids calculated and 
observed numbers only give a fair agreement in the fifth decimal place, and this has 
been thought sufficiently good. In these cases, the initial slope, in general, diminishes 
to about one-tenth of its value as the curves are descended. Although, for curves in 
which the slope varies to such a large extent as this, the results giving the comparison 
of calculated and observed numbers have only been given to the fifth decimal place, 
there is every reason to believe that the observed values are just as accurate as those 
for liquids giving short straight curves and where the agreement is satisfactory as far 
as the sixth place. In the case of the alcohols the slope changes so considerably as 
temperature rises, in some cases being at the boiling-point only -g^th of what it is at 0°, 
that the observed curve has had to he split up into two or three parts, and a separate 
formula calculated for each, in order to give the required degree of agreement. It is 
significant that when this is done the values of b and n vary according to the part 
of the curve chosen, a circumstance indicating that no great stress should be put 
upon the relative magnitudes of the constants in the ordinary formula. For, 
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obviously their values depend so much upon the particular part of the curve used, 
that if it were possible to take observations below 0°, values different from those 
already given would be obtained. 

In the following table are given the values of C, 6, and n in Slotte’s formula:— 


Constants in Slotte’s Formula, i) = C/(l + bty. 



c. 

b. 

n . 

Pentane. 

! 

•002827 

•006039 

1-7295 

Hexane . 

•003965 

•005279 

21264 

Heptane. 

•005180 

•005551 

2-1879 

Octane. 

007025 

•006873 

2 0290 

Isopentane. 

•002724 

•008435 

1-2901 

Iso hexane. 

•003713 

•004777 

23237 

Isoheptane. 

•004767 

005541 

21633 

Isopre^e . 

•002600 

•006944 

1-4433 

Amylene. 

•002534 

•005341 

1-7855 

Diallyl. 

•003388 

•005780 

1*9340 

Methyl iodide. 

•005940 

•007444 

1 4329 

Ethyl iodide. 

•007190 

•006352 

1-7520 

Propyl iodide. 

•009372 

•007308 

1-7483 

Isopropyl iodide. 

•00878JI 

•006665 

19101 

Isobutyl iodide. 

011620 

009186 

1-6577 

Allyl iodide. 

009296 

007933 

1-6592 

Ethyl bromide. 

•004776 

•007212 

1-4749 

Propyl bromide. 

•000448 

•006421 

1-8282 

Isopropyl bromide. 

•006044 

•005916 

2-0160 

Isobutyl bromide. 

•008234 

•006187 

21547 

Allyl bromide. 

•006190 

■006895 

1-7075 

Ethylene bromide. 

•021579 

•012375 

16222 

Propylene bromide .... 

■023005 

•011267 

1-7075 

Isobutylene bromide . * . . 

■033209 

•013227 

17988 

Acetylene bromide. 

•012307 

•008905 

1-6032 

Bromine. 

•012535 

•008935 

1-4077 

Propyl chloride. 

004349 

•004917 

2-2463 ' 

Isoprop vl chloride. 

•004012 

•007485 

1-5819 

Iso Duty 1 chloride. 

005842 

•007048 

1-8706 

j 

Allyl chloride ...... 

•004059 

.),___ 

•006366 

1-7489 
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CteSBEASW in SiiOTT^s Fortoula, ij m C/(l + 6t)“ (continued). 



0. 

b. 

n. 

Ethylene chloride. 

•011269 

•009933 

1-6640 

Ethylidene chloride . . * . 

•006205 

•007575 

1-6761 

Methylene chloride. 

•005357 

•007759 

1-4408 

Chloroform. 

•007006 

•006816 

1*8196 

Carbon tetrachloride .... 

•016466 

•010521 

1-7121 

Carbon dichloride. 

•01139 

•007925 

1*6325 

Carbon bisulphide. 

•004294 

•005021 

1-6328 

Methyl sulphide*. 

Ethyl sulphide. 

•003538 

•005589 

•005871 

•006705 

16981 

1-8175 

Thiophen ........ 

•008708 

*009445 

16078 

Dimethyl ketone. 

•003949 

*004783 

2*2244 

Methyl othyl ketone .... 

•005:183 

•007177 

1-7895 

Methyl propyl ketone .... 
Diethyl ketone. 

*006464 

•007259 

1*8248 

•005949 

•006818 

1-8626 

Acetaldehyde. 

•002671 

•003495 

2-7550 

Formic acid. 

•029280 

•016723 

1-7164 

Acetic acid. 

•016867 

•008912 

2 0491 

Propionic acid. 

•015199 

•009130 

18840 

Butyric aoid. 

•022747 

•010586 

1-9920 

Isobutyric acid. 

•018872 

•009557 

2-0059 

Acetic anhydride ..... 

•012416 

•010298 

1-6851 

Propionic anhydride .... 

•016071 

•011763 

17049 

Ethyl ether. 

•002864 

007332 

1-4644 

Benzene. 

•009055 

•011963 


Toluene. 

■007684 

•008850 


Ethyl benzene. 

•008745 

•008218 


Ortho-xylene. 

Meta^xytene. 

•011029 

•010379 

1-6386 

•008019 

•008646 

1-6400 

Para-xylene ....... 

•008457 

•008494 

17326 

Water— 


; 


0° to 8*. 

•017793 

•017208 

1*9944 

Qf to 100°. 

•017944 

•023121 

1-5423 


4 E 
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Constants in Slotte’s Formula, y s= C^l -f bt) H (continued). 



c. 

b. 

n< 

Methyl alcohol. 1 * 

Ethyl alcohol. 

•008083 

•006 LOO 

2-6793 

•017753 

•004770 

4-3781 

Propvl alcohol. 

Butyl alcohol— 

•038610 

*007366 

3-9186 

0° to 52". 

•051986 

•007194 

4-2452 

52° to 114°. 

•056959 

•010869 

3-2150 

Isopropyl alcohol— 

(r to 40°. 

•045588 

•007057 

4-9635 

40° to 78°. 

•048651 

•011593 

8-4079 

Isobutyl alcohol— 




0° to 38° . . . . , . 

•080547 

•010840 

36978 

38° to 75°. 

•085365 

•011527 

3-6708 

75° to 105°. 

■094725 

•015838 

3 0537 

Inactive amyl alcohol— 




0° to 40°. 

•085358 

•008488 

4-3249 

40° to 80°. 

•093782 

•012520 

3-8395 

80° to 128°. 

•152470 

•026540 

2-4618 

Active amyl alcohol— 




0° to 35°. 

•111716 

•009851 

4-3736 

36° to 73°. 

•124788 

•015463 

3-2542 

73° to 124°. 

•147676 

•127583 

2-0050 

Trimethyl carbiaol— 




20° to 50°. 

•135060 

•128156 

1-3242 

50° to 77°. 

Dimethyl ethyl oarbinol— 

0° to 27*. 

1-755458 

•196967 

2-0143 

i 

•142538 

•020868 

3-2080 

27° to 63°. 

•154021 

•027019 

2-7578 l 

63° to 95°. 

•131901 

•026082 

2-6610 | 

Allyl alcohol. 

021736 

•009139 

2-7925 j 

^ j 

Nitrogen peroxide. 

■005267 

•007098 

1-7349 


( 3 .) The main cause of the want of regularity in the values of b and n is, no doubt, 
due to the fact that they are interdependent, and, as has been stated, that different 
pairs of values of these constants give practically the same curve. Moreover, from 
the mode of deducing their values, they are, in many cases, largely affected by 
influences which are within the limits of experimental error. On referring to p. 440 
it will be seen that the denominator of the expression which serves to determine n is 
(<i + £ 3 ) — 2 £ a . In the case of curves which approach the linear type this denominator 
is but small, it may be but several tenths of a degree ; and, hence, since an error of 
one-twenty-fifth of a degree in reading off t 2 from the curve corresponds to one-tenth 
of a degree in the value of the denominator, in extreme eases the value of n may be 
altered by one-half tyr errors incidental to plotting and reading the curves employed. 
Thus, in the case of aldehyde, the denominator is 0 o- 3, and here an error of 0°*1 in 
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obtaining f tt would alter the value of n by more than 60 per cent. It is worth noting, 
however, that in spite of this uncertainty, which is, of course, greatest in the case of 
mobile liquids having low boiling-points, the value of n varies within comparatively 
narrow limits for all the liquids ; if the alcohols investigated be excepted, the sixty- 
two remaining liquids give a mean value for » of 1*766. The maximum value 2*234 
occurs in the case of isohexane, which has an extremely small value for b, and the 
minimum 1 *408 in the case of bromine. Aldehyde gives the large value of 2*755 for », 
but here the value of 6 is smaller than for any other substance ; methyl alcohol gives a 
value similar to that given by aldehyde; but in the case of ethyl alcohol n is as high 
as 4*373. For the higher alcohols two or three formulae are used in each case, but 
still the value of n remains in general high, its average value for the alcohols being 
3*25. In the case of trimethyl earbinol the values of n are small; but here the 
values of 6 are enormous as compared with those given by the majority of the liquids. 
The alcohols thus differ from all the other liquids in giving larger values of n or of b, 
or of both these constants; they are thus characterised by the marked effect exerted 
by temperature on their viscosities. 

From the fact that the values of n and b are small for the great majority of the 
substances, it became a matter of interest to ascertain if in the formula rj = 0/(1 -f- bt) n 
a few terms in the expansion of (1 -j- bt)* would not suffice to denote the effect of 
temperature upon viscosity. For inasmuch as the coefficients of t, t 2 , Ac., in the 
expansion involve both n and b, it might be expected that the magnitudes of these 
coefficients would be related to the chemical nature of the substances. 

The data given in the following table serve to test the above points when three 
terms in the expansion are employed. 

In the columns headed ft and y are giveo, for all the liquids but the alcohols and 
water, the values of these coefficients in the expression 

, = C/(l + nil + W) = C/(l + fit + yfl). 

The remaining columns serve to give an idea of the accuracy with which this 
modified formula reproduces the observed values of ij. Since the terms omitted in 
the formula are most important at high temperatures, the differences between 
observed and calculated values will be greatest at the highest temperatures. Under 
t are given temperatures as near as possible to the boiling points of the liquids and 
satisfying also the condition, which simplifies the calculations, that each is an integral 
product of 10. Under ij (calculated) are given the values of i j at the temperature t, 
as deduced from the above modified formula, and under q (observed) the values of ij at 
fas read off from the curves. The differences obtained may be taken as the maximum 
differences between the observed and calculated values given at any temperature. 


4 1 2 
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Formula, 17 sr C /{1 -f fk 4 * ye®). 



/»• 


t 

I 

9 X 10* 

Difference 


7* 


(Ofea.). 

X 10*. ; 

Pentane. 

•01044 

•0.2301 

30 

212 

212 


Hexane. 

•01122 

0,3337 

60 

221 

221 


Heptane. 

•01214 

•0,4004 

90 

214 

214 


Octane ...... 

•01394 

0,4926 

120 

208 

208 


Isopentane. 

Isobexane . . . . , 

•01088 

0,1331 

30 

204 

I^kSJbPP 

0 

•omo 

0,3509 

00 

207 


1 

Isoheptane. 

•01199 

0,3863 

80 

216 

216 

0 

Isoprene. 

■01002 

•0,1542 

30 

198 

198 

0 

Amy lane. 

•00954 

• 0,2000 

30 

194 

194 

0 

Diallyl. 

•01118 

•0,3017 

50 

207 

207 

0 

Methyl iodide . . . . 

01067 

0,1719 

40 

409 

409 

0 1 

Ethyl iodide . . . . 

•01113 

0,2658 

70 

377 

378 

l 

Propyl iodide .... 

•01278 

•0,3493 

100 

358 

359 

1 

Isopropyl iodide . . . 

Ieobutyl iodide . , . 

•01277 

•0,3899 

80 

387 

389 

2 

•01523 

0,4600 

120 

333 

338 

5 

Allyl iodide. 

•01316 

0,3441 

100 

349 

352 

3 

Ethyl bromide .... 

•01064 

0,1822 

30 

357 

357 

0 

Propyl bromide . . . 

•01174 

0,3121 

70 

326 

327 

1 

Isopropyl bromide . . 

Isobutyl bromide ♦ . . 

•01193 

0,3588 

50 

358 

358 

0 

•01333 

•0,4762 

90 

318 

316 

-2 

Allyl bromide .... 

•01177 

0,2871 

70 

315 

316 

1 

Ethylene bromide. . . 

•02007 

0,7018 

130 

I 

513 

518 

5 

Propylene bromide . . 

•01924 

gmXZIv 

140 

444 

456 

12 

Isobutylene bromide . . 

02379 

•0j12568 

140 

489 

505 

16 

Acetylene bromide . . 

•01339 

0,2999 

im 

466 

474 

8 

Propyl chloride . . . 

•01104 

0,8381 

40 

291 

291 

0 

Isopropyl chloride . . 
Isobutyl chloride - . . 

•01185 

0,2580 

30 

291 

291 

0 

'01318 

*0 4 404o 

60 

302 

302 

0 

Allyl chloride ... * 

•01111 

0,2639 

40 

273 

278 

0 

Ethylene chloride ... 

01653 

0,5451 

BIB 

422 

426 

4 

Etbylidene chloride . * 

01270 


B^B 

362 

362 

0 . 

Methylene chloride . . 


W mw m 

bS 

396 

396 

0 

Chloroform. 

01140 

0,2588 

kb 

427 

426 . 

,, ,,r*t 

Carbon tetrachloride , . 

01801 


60 

520 

524 

4 ,■ 

* 

Carbon dichloride , * 

01294 

—.—_ 

0,3243 

120 

377 

882 

■ S ■: 
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Formula, t? = C/(i -f /& + yt*) —continued. 


■, * , , ’ ^. ' : 

A 

*y* 

f. 

V X 10^ 
(Calc.). 

n X 10* 
(Obs.). 

Difference 

x 10 s . 

Methyl Sulphide . . . 


•0*1584 

30 

269 

269 


Ethyl sulphide.... 

•01219 

•0*3340 


236 

237 

1 

Carbon bisulphide . . 


1 


318 

319 

1 

Dimethyl ketone • . . 

■01064 

, 

•0.8115 


245 

245 

0 

Methyl ethyl ketone . . 

•01284 

•0.3639 

80 

238 

239 

1 

Methyl propyl ketone 

•01325 

•0.3965 


238 

238 

0 

Diethyl ketone. « . . 

•01270 

•0*3734 


225 

226 

1 

Acetaldehyde .... 

00963 

•0*2953 

20 

222 

222 

0 

Formic acid. 

•02870 

•0,16953 

100 

526 

542 

16 

Acetic acid. 

•01826 

•0*8537 

no 

417 

417 

0 

Propionic acid .... 

•01720 

•0*6941 

140 

319 

322 

3 

Butyric acid .... 

•02109 

•0*11073 

160 

315 

314 

-1 

Iflobntyric acid f . . 

•01917 

0*9215 

150 

317 

317 

0 

Acetic anhydride . . . 

•01735 

0*6122 

140 

268 

275 

7 

Propionic anhydride. , 

•02005 

•0*8315 

160 

254 

264 

mm 

Ethyl ether. 

•01074 

•0*1828 

30 

214 

212 

-2 

Thiophen. 

•01518 


m 


350 

1 

Benzene. 

•01861 

•0*6181 

80 

314 

317 

3 

Toluene. 

•01462 

•0*4220 

110 

246 

250 

4 

Ethyl benzene . . . . 

•01448 

•0*4530 

130 

240 

244 

4 

Ortho-xylene . . . . 

•01701 

•0*5636 

140 

249 

254 

5 

Meta-xylene . ’ . . . 

•0J 418 

•0*3923 

130 

229 

233 

4 

Para-xylene .... 

•01472 

•0*4578 

130 

229 

233 

4 

Bromine. 

•01258 

•0*2290 

50 

743 

746 

3 

Nitrogen peroxide . . . 

•01231 

•0*3212 

20 

418 

418 

0 


Agreement of Observed, and Calculated Values. 

The differences given in the table show that in the great majority of cases the 
agreement isveryelose. Indeed it clearly points to the conclusion that ah expression 
dfthetype 
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iy s* A/(l 4- B* 4 0)f®) 
will hold for most of the liquids. 

fifty-five of the liquids give differences which are not greater than 5; in most 
cases the differences are nil. Five of the liquids give differences greater than 5, 
the largest, viz., 3'6 per cent., being given by propionic anhydride. In most of the 
cases where the differences are greater than 2, slightly better agreement is obtained 
by introducing another term into the expansion. Since n is less than 2 for all of 
these liquids the additional term is negative, and the denominator in the formula is 
made smaller; the result is, that with the additional term the calculated values 
are all too large, whereas with three terms, as the table shows, they are all too small. 
In the case of ethylene bromide and ortho-xylene the negative differences obtained 
on using the additional term are greater than the positive differences given by the 
formula already used. Little advantage is therefore obtained by introducing another 
term into the formula, and in any case the small differences, given by all the 
substances in the preceding table indicate that the values of the coefficient /? and y 
closely represent the true effect of temperature upon viscosity, and that any 
connections which may be traced between the magnitudes of these coefficients and the 
chemical nature of the substances may therefore be regarded as valid relationships. 
The nature of these relationships is dealt with in what follows. 

Relationships between the Magnitudes of the Temperature Coefficients /3 and y. 

On taking a general survey of the table it is evident that the fatty hydrocarbons 
and their monohalogen derivatives, the sulphides, the ketones, aldehyde and ether, 
are characterized by small values of the coefficients; in these series temperature 
exerts the smallest effect on the viscosity. The aromatic hydrocarbons and thiopben 
have larger values of the coefficients, whilst the largest of all are given by the 
alkylene dibromides, the acids, and the anhydrides, to which may also be added 
ethylene dichloride and carbon tetrachloride. 

On closer examination the following conclusions may be arrived at; 

Homologues. —In general the coefficients increase as a homologous series is ascended. 
Exceptions to the rule occur in the case of the dibromides, formic and aoetic acids, 
benzene and toluene, probably for the reasons already given when discussing the 
graphical representation of the results. 

Corresponding Compounds. —In general the compound of higher molecular weight 
has the larger coefficients. This rule is obeyed by the chlorides, bromides, and 
iodides of the alkyls, by the allyl halogen compounds, and by ethylene chloride and 
bromide. The acids on the other hand, although they have smaller molecular weights, 
have much larger coefficients than the corresponding iodides. 

Substitittion of Halogen for Hydrogen. —On comparing the coefficients of the 
mono-bromides with those of the corresponding dibromides, the large increase in this 
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values of the coefficients produced by the replacement of hydrogen by bromine is 
made evident. The chlormethanes also indicate that replacement of one atom of 
hydrogen by one atom of chlorine also raises the values of the coefficients ; that the 
increase varies with the amount of chlorine already present in the molecule is shown 
by the large values of the coefficients given by carbon tetrachloride. 

In connection with these substances the large coefficients of the alkylene dibromides 
as compared with those of acetylene dibromide and bromine, of ethylene dichloride as 
compared with ethylidene chloride, and of tetrachlormethane as compared with 
tetracblorethylene, are noteworthy. 

Isomers .—Normal and iso compounds have coefficients which are almost the same. 
The acids constitute the most marked exception, probably on account of the disturbing 
effect of molecular complexity. 

Of the two isomeric ketones, diethyl ketone, the symmetrical isomer, has the 
smaller coefficients; the opposite conclusion holds in the case of the chlorethanes. 

The values for the isomeric aromatic hydrocarbons clearly indicate the peculiar 
behaviour of ortho-xylene which has considerably larger values than the closely 
agreeing numbers given by the other isomers. 

Water. 


The values of the coefficients obtained for water are as follows:— 



/*• 

7- 


v x 10 5 
(calc.). 

■>l x 10 6 
(obs.). 

Diff. x 10*. 

Water .... 

■03580 

•0,2253 

D 

263 

283 

20 


The difference between the observed and calculated numbers is greater than that 
given by any of the substances in the preceding tables, and on introducing another 
term into the formula the difference is changed from -f 20 to — 14, so that little 
advantage is thus derived. The above agreement is sufficiently close to allow /J and 
y to be regarded as expressing the temperature effect with sufficient accuracy for the 
end at present in view, and the magnitudes of these coefficients are particularly 
interesting. For, although y is smaller than in the case of several of the liquids 
given in the first set of tables, the value of /S given by water is the largest of any 
yet considered. At low temperatures, temperature has a large effect on the viscosity 
of water; at higher temperatures, however, the effect is relatively smaller than in the 
case of liquids with correspondingly large values of y8. In its behaviour at low 
temperatures, water strongly resembles the acids, and more especially the alcohols, 
onri there is little doubt that the peculiarities of all these liquids are to be ascribed 
to the presence of moleoular aggregations. 
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The Alcohols . 

i 

The only two alcohols, •which had values of » which were not very far removed 
from 2, coupled with moderately small values of 6, and which, therefore, had any 
likelihood of giving a serviceable formula of the type already used, were methyl and 
allyl alcohols. The results for these two alcohols are given below:— 



p- 

7- 

t 

« X 10* 
(calc.). 

v x 10* 
(obs.). 

Diff. x 10*. 

Methyl alcohol . 

•01634 

•0 4 8371 

60 

354 

349 

- 5 

Allyl alcohol . . 1 

1 

I -02552 

1 

•0 g 20902 

90 

436 

407 

i 

-29 


Methyl alcohol gives a moderately small difference, the values of its coefficients 
being somewhat the same as those of the acids. Allyl alcohol gives a much larger 
difference, and has larger coefficients than methyl alcohol. It is to be noted that in 
both cases the values of y are large, pointing to large temperature changes at the 
higher temperatures. 

Of the remaining alcohols the values of n or of h, or of both, are so large as to 
preclude any chance of agreement between the results of observation and those given 
by a formula with three terms, and nothing would be gained by the use of formulae 
involving such a number of terms as would make the agreement satisfactory. For 
the large values of n and b. given by the alcohols, clearly indicate that with them the 
effect of temperature upon viscosity is in general much more pronounced than in any 
other series. In the following table are given for each alcohol the values for y8 and y, 
obtained, as before, from Slotte’s formula. Where several of these formulae 
have been used only that corresponding to the lowest temperature range is given 
in each case. The range over which the original Slotte’s formula applied is 
indicated in the table. The values are given merely for the purpose of showing 
how the behaviour of the alcohols differs from that of the other substances. 
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Formula, »; = C/(l + £< -f y* 2 ). 



Range. 


7* 

Etliyl alcohol. 

0° to 78° 

•02086 

•0016782 

Propyl alcohol. 

0° to 98° 

•02495 

•0026818 

Butyl alcohol. 

0° to 52° 

•03054 

•0035650 

Isopropyl alcohol. 

0° to 40° 

•03503 

•0004898 

Isobutyl alcohol. 

0° to 38° 

•04008 

•0005861 

Inactive amyl alcohol. 

0° to 40° 

•03671 

•0005180 

Active amyl alcohol. 

0° to 35° 

i 

•04308 

•0007159 

Trimethyl carbinol. 

20° to 50° 

•16971 

•0035257 

Dimethyl ethyl carbinol .... 

0° to 27° 

•06694 

0015423 


From the above table it follows that, although the values of {$ in the case of 
ethyl and propyl alcohols are somewhat less than those given by one or two of the 
liquids which had the largest values in the first table, yet in all cases the values 
of y are much larger than for any of the liquids previously discussed. Here we 
have the indication of the persistence of large temperature alterations at high 
temperatures, which brings about the long steep curves so characteristic of the 
alcohols. 

It is further evident from the table that the values of the coefficients of the normal 
alcohols increase with the rise in molecular weight and increase on passing to the 
corresponding iso-alcohol, and still further increase on passing to the corresponding 
tertiary alcohol. The largest values of all the temperature coefficients is possessed 
by tertiary butyl alcohol (trimethyl carbinol). 

It is also noteworthy that inactive amyl alcohol has smaller coefficients than 
isobutyl alcohol, and,'further, that the large differences between the coefficients of 
active and inactive amyl alcohols point to the markedly different courses taken by the 
curves of these closely-related isomers over the low temperature ranges. 

The alcohols, like the acids, have much larger temperature coefficients, although 
smaller theoretical molecular weights than the corresponding iodides. This result is 
no doubt to be attributed to the presence of molecular aggregates in the liquid 
alcohols. It must be noted, however, that the behaviour of the alcohols differs from 
that of the acids, for, in the latter, the coefficients at first diminish in ascending the 
series of normal acids, and isobutyric acid has smaller coefficients than normal butyric 
add; whereas, in the case of the alcohols, there is a persistent rise in the values of the 
coefficients as the series of normal alcohols is ascended, and isobutyl alcohol has larger 
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coefficients than normal butyl alcohol. These results are no doubt to be ascribed to 
differences in the mode in which the complexity alters in the two series. 

The preceding discussion serves to show that the effect which temperature exercises 
on the viscosity of a liquid substance is related to its chemical nature and physical 
constitution. 

Conclusions concerning the Effect of Temperature on Viscosity. 

1. Slotte’s formula gives the best results in the case of observed viscosity curves 
in which the slope varies but little with the temperature. 

Where the variation of the slope is considerable, as in the case of the alcohols, 
several formulee of this type have to be employed in order to represent the effect of 
temperature upon viscosity with sufficient accuracy. 

2. As regards the relations between the chemical nature of the substances, and the 
magnitudes of their temperature coefficients, it is evident that:— 

(a) From the mode in which the constants n and h, in Slotte’s formula, are 

derived, their individual values cannot be expected to be simply related to 
chemical nature; 

(b) For the majority of the liquids, the formula, 

V = C/(l -f fit + y< 8 ), 

obtained from Slotte’s formula by neglecting terms in the denominator 
involving higher powers of t than t a , closely expresses the effect of tempera¬ 
ture on viscosity, and, in this formula, the magnitudes of the coefficients 
/J and y are definitely related to the molecular weight and the constitution 
of the substances; 

(c) The substances, to which this modified formula does not apply, are charac¬ 

terized by large temperature coefficients, and these substances are in general 
those which, like water, the acids, and the alcohols, contain molecular 
aggregates. 

Comparisons of Viscosity Magnitudes at Comparable Temperatures. 

Comparable Temperatures. 

The examination of the curves for families of related substances gives, of course, a 
general idea of how the viscosity varies from member to member. In order, however, 
to obtain quantitative relationships between viscosity and chemical nature, and to 
compare one group of substances with another, it was necessary to fix upon particular 
temperatures, and to obtain and compare the values corresponding with those 
temperatures. 

The first point to decide was at what temperature viscosities should be compared. 
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In the past, owing to the fact that the temperature variation has been little studied, 
it has been customary to employ one and the same temperature for all substances. 

The kind of relationships which are obtained by such a system of comparison have 
already been indicated in connection with the graphical representation of our obser¬ 
vations. We have thought it needless to say anything further regarding this 
method, for, as has been shown, the viscosity curves, even in the same family of 
substances cross one another, so that quantitative relationships obtained at any single 
temperature of comparison can have no pretensions to generality, but must vary 
with the value of the particular temperature selected. 

The first comparable temperature which suggested itself was the boiling-point, and 
the detailed examination of viscosity at the boiling-point is first set out. With such 
data as could be obtained relating to critical temperatures, we then calculated values 
of corresponding temperatures by the method indicated by van dee Waals. The 
particular temperature adopted (*6) was such that it included the greatest number of 
cases. A very brief summary of the results obtained at the corresponding tempe¬ 
rature of *6 is next given. Following this are the results obtained by the use of 
a new system of deducing comparable temperatures, the details of which are given 
on pp. 622 and 623. 

Viscosity Magnitudes dealt with at the Different Temperatures of Comparison . 

At each of the different conditions of comparison the experimental results have 
been expressed according to the same system, in order to show at a glance relation¬ 
ships between the magnitudes of the viscosity constants and the chemical nature of 
the substances. The liquids are arranged so that chemically-related substances are 
grouped together—groups of homologues, chlorides, bromides, and iodides, propyl and 
allyl compounds, groups of isomers, &c. The alcohols, on account of their peculiar 
behaviour at all the conditions of comparison, are kept more or less separate from the 
other liquids. Tables are constructed in this way which give the values of three 
different magnitudes derivable from measurements of the viscosity of the substances. 

0) Values of the Viscosity Coefficient . (rj.) 

The first set of tables contains values of the viscosity coefficient in dynes per sq. 
centim. and exhibit how this physical constant varies from liquid to liquid at the 
temperature of comparison. 

(2) Values of y X Specific Molecular Area. The Molecular Viscosity, (ydr.) 

The second set of tables contains values of the coefficients y treated so as to 
quantitatively connect them with the chemical nature of the substances. The absolute 
coefficient y is the force in dynes which has to be exerted per unit area of a liquid 
surface in order to maintain its velocity relative to that of another parallel surface at 

4 F 2 
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unit distance equal to unity. It seemed, however, that relations between viscosity 
and chemical nature would best be brought to light if instead of adopting merely unit 
areas we selected areas which were related to the specific molecular volumes of the 
liquida If M be in grams a weight of substance numerically equal to its molecular 
weight, and if p be the density of the liquid, M/p is the specific molecular volume eP, 
or a volume of liquid in cub. centim. which contains for different substances the same 
number of gaseous molecules. 

d 2 evidently gives in sq. centim. the area of the face of a cube which may be taken 
to represent the specific molecular volume. This area we term the specific molecular 
area and the product of tj and the specific molecular area (r) X cP) we term the 
molecular viscosity. With the units employed, it is the force in dynes which has to 
be exerted on a liquid surface equal to the specific molecular area in sq. centim. in 
order to maintain its velocity equal to unity under the unit conditions laid down in 
the definition of the viscosity coefficient. 

In the absence of a dynamical theory of the nature of liquid viscosity if we assume, 
as has already been done by Eotvos, that on the specific molecular area there are 
distributed, on the average, the same number of molecules, the molecular viscosity 
may be taken as proportional to the force which has to be exerted on a liquid 
molecule in order to maintain its velocity equal to unity under unit conditions. 

(3) Values of i) x Specific Molecular Volume. The Molecular Viscosity Work, 
(v X cP.) 

The product of rj and the specific molecular volume exhibits relations to chemical 
nature of the same kind as those given by molecular viscosity. This product ijd s is 
evidently the molecular viscosity multiplied by d which is the length in centimeters 
of the edge of the cube which represents the specific molecular volume, and this 
length we term the specific molecular length, tjd 3 has evidently the dimensions of 
work, and for this reason we term it the molecular viscosity work. In ordinary units 
it is the work in ergs required to move a liquid surface equal to the specific molecular 
area in sq. centim. through the specific molecular length in centim. under unit 
conditions. If the specific molecular length be assumed to be proportional to the 
average distance between the centres of two adjacent molecules the molecular 
viscosity work is proportional to the work spent in moving a molecule through the 
average distance between two molecules under unit conditions. 

In deducing the specific molecular volumes, specific molecular areas, etc., gaseous 
molecular weights were employed. It was therefore to be expected that the relation¬ 
ships between the magnitudes of the molecular viscosity and molecular viscosity work, 
existing in the case of liquids for which the liquid and gaseous molecular weights 
were identical, would no longer be the same when the liquids contained aggregates 
of gaseous molecules. By this mode of treatment it was hoped that if these mag- 
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nitudes were simply related amongst themselves in the case of non-associated liquids, 
deviations from such regularities would be exhibited by complex liquids, and these 
deviations would give some indication of the existence and extent of the molecular 
grouping. 

A. Comparisons op Viscosity Magnitudes at the Boiling-Point. 

Following the suggestion of Schroder and Kopp, the temperature of the ordinary 
boiling-point has been largely used in the comparison of the physical constants of 
liquids ; at this temperature the vapour pressures of the substances are, of course, the 
same, and this equality seemed to justify the use of the boiling-point as a comparable 
temperature. 

Guldberg has pointed out that the reason why Kopp obtained relationships 
between the densities of liquids and their chemical nature at the boiling-point, 
probably lies in the fact that the boiling-point is approximately a so-called corre¬ 
sponding temperature. 

If the absolute boiling-point be divided by the absolute critical temperature, a 
quotient having the average value of 2/3 is obtained, so that the ordinary boiling- 
point is approximately the corresponding temperature of - 66. According to the 
theoretical views of van der Waals, the thermal properties of liquids should be 
compared at such corresponding temperatures, and the accidental agreement between 
the boiling-point and the corresponding temperature of ‘66 is taken by Guldberg 
as being the reason for the success of the boiling-point as a temperature of comparison. 

It may be contended, however, that this argument is not altogether valid. Seeing 
that, in general, the higher the boiling-point the higher is the critical temperature and 
the larger is the difference between the two, the ratio of the absolute boiling-point to 
the absolute critical temperature cannot vary very much for different substances. 

It may be written— 

B.P. + 273 , C.T. - B.P. 

B.P. + 273 + C.T. - B.P. * C.T. + 273 ’ 

where B.P. is the ordinary boiling-point and C.T. the ordinary critical temperature 
expressed on the centigrade scale. 

Here the ratio is seen to be unity diminished by a fraction in which the numerator 
increases along with the denominator, which latter contains a large constant term, 
viz., 273. 

According to another deduction from van der Waals’ theory substances may be 
compared when under corresponding pressures, or pressures which are the same frac¬ 
tion of their critical pressures. Comparisons at corresponding temperatures should 
lead to like results. If the boiling-point were a truly corresponding temperature, 
then the vapour pressure at the boiling-point should for all liquids be the same 
fraction of the critical pressure. 
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But at the boiling-point the vapour pressures of different substances are the same, 
and hence if tbe boiling-point be approximately a corresponding temperature, the 
critical pressures of substances ought to be approximately the same. This conclusion, 
however, is not supported by facts, and hence, having regard to tbe doctrine of corre¬ 
sponding pressures, Guldberg’s view, that the boiling-point may be regarded as a 
corresponding temperature, receives no support from van deb Waals* theory. 

Hitherto the boiling-point has been mainly of value as a comparable temperature 
in dealing with properties which, like density or surface energy, vary but slowly with 
the temperature. 

It was a matter of interest, therefore, to determine if it led to good results in the 
case of a property like viscosity, which alters rapidly with the temperature. No 
doubt physico-chemical relationships, even in the case of these slowly changing 
properties, are not so definite as might be desired, and the want of precision may in 
part be due to the fact that at the boiling-point the substances are not in really com¬ 
parable conditions. Evidence on this point seemed most likely to be gained by the 
study of a property which, like viscosity, varies so largely with temperature. 

In deciding upon the particular boiling-points to be adopted, we have made a 
careful critical examination of all existing data, and have selected the mean value of 
what seemed to be tbe best authenticated determinations, including our own. 

In the following tables the values of 77 have been read from the curves, and are 
multiplied by 10 5 in order to avoid the use of decimals. 

Coefficients of Viscosity at tbe Boiling-point. 

(17 in dynes per sq. centim. X I0 6 .) 


Homologueh. 



V • 

Difference. 

Pentane . 

200 

4 

Hexane. 

204 

- 5 

Heptane. 

199 

- 1 

Octane. 

198 


Isopentane. 

203 

2 

Isoliexane. 

205 

- 7 

Isoheptane. 

198 


Isoprene . 

188 

4 

Diallyl. 

192 
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Homologues (continued). 



V- 

Difference. 

Methyl iodide. 

399 

- 28 

Ethyl iodide. 

371 

- 18 

Propyl iodide. 

353 


Isopropyl iodide. 

359 

- 21 

Isobutyl iodide.! 

338 


Ethyl bromide.' 

329 

— Jj 

Propyl bromide. 

325 


Isopropyl bromide. 

329 

- 18 

Isobutyl bromide. 

311 


Ethylene bromide. 

514 

- 64 

Propylene bromide. 

! 

450 


Isopropyl chloride. 

275 

r, 

Isobutyl chloride. 

280 


1 Methylene dichloride. 

! 363 

i 

i 

47 

j Ethylene dichloride. 

410 

i 

Methyl sulphide ....... 

253 

- (10) 

Ethyl sulphide. 

234 


Dimethyl ketone. 

i 

232 

- (5) 

Diethyl ketone. 

222 


Methyl ethyl ketone. 

239 

- 5 

Methyl propyl ketone. 

234 


Formic acid.. • 

536 

- 151 

Acetic acid .. 

385 

— 66 

Propionic acid. 

319 

- 10 

Butyric acid ........ 

309 
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Horaologues (continued). 



V- 

Difference. 

Acetic anhydride. 

277 

- (15) 

Propionic anhydride. 

247 

Benzene. 

310 

- 68 

Toluene. 

248 

- 15 

Ethyl benzene. 

233 

1 

1 

. . . j 

Methyl alcohol. 

329 

! 

112 

Ethyl alcohol. 

441 

22 

Propyl alcohol. 

463 

- 58 

Butyl alcohol. 

405 


Isopropyl alcohol. 

491 

- 39 

Isobutyl alcohol. 

452 | 

l 

1 

- 74 

Isoamyl alcohol. 

378 


Trimethyl carbinol. 

566 j 

- 148 

| Dimethyl ethyl carbinol .... 

418 j 

I 


It ia apparent from the table that the effect on the viscosity-coefficient of an 
increment of OH s in molecular weight varies from series to series. 

Paraffins .—In this series the viscosity-coefficient is practically the same, both in 
the case of normal and iso-hydrocarbons. Here we have the somewhat striking result 
that the magnitude of the coefficient is practically independent of molecular weight. 
A similar result holds for the two C„H 2r _ s hydrocarbons, isoprene and diallyl, and also 
for the alkyl chlorides, as the viscosity coefficient of propyl chloride, which does not 
occur in the table, is 274. 

In all the other series, with the exception of methylene and ethylene chlorides and 
the alcohols—that is, in the case of the iodides, bromides, sulphides, ketones, acids, 
anhydrides and aromatic hydrocarbons, an increment of CH 2 brings about a diminu¬ 
tion in the viscosity coefficient. Moreover, it is the general rule that the diminution 
becomes less and less as the series is ascended. 

In the case of the dichlorides the compound of higher molecular weight has a 
decidedly higher coeffccient. This difference is no doubt affected by the same cause 
which brings about the wide separation of the curves of the isomeric dichlorethanes. 
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If ethylidene chloride be used instead of ethylene chloride, a negative difference, — 25, 
as In most other series, is obtained for the effect of CELj. 

The feet, too, that methylene chloride is the lowest member of the series, and 
contains only one carbon atom, may be important. 

The large differences brought about by the values for formic acid and benzene are 
further indications of the abnormal coefficients possessed by the initial members of 
homologous series. 

Alcohols .—This series, as is the case under every condition of comparison, differs 
from all the others. An increment of CH 2 not only exercises great influence on the 
viscosity coefficient, but its effect is exceptional, inasmuch as the sign changes as the 
molecular weight increases. 

The differences between the first three members are positive; all the others are 
negative. In the tertiary alcohols the effect of CH 2 is at a maximum, and reaches 
the large value of — 148. 


Corresponding Compounds. 



Iodide. 

Diff. 

Bromide. 

Diff. 

Chloride. 

Diff. 

Acid. 

Diff. 

Alcohol. 

V- 

V- 


V • 

»/• 

Methyl .... 

399 

♦ • 



• • 

-137 

536 

70 

329 

Ethyl .... 

371 

42 

329 

. . 

,, 

- 14 

385 

- 70 

441 

Propyl .... 

353 

28 

325 

51 

274 

34 

319 

-110 

463 

Butyl .... 

• * 

t • 

# • 

• • 

# ♦ 

• • 

309 

* • 

405 

Isopropyl . . . 

359 

30 

329 

54 

275 

• • 

.. 

-132 

491 

Isobatyl . . . 

338 

27 

311 

31 

280 

31 

307 

-114 

452 

Allyl .... 

344 

29 

315 

53 

262 

•• 

•• 

- 29 

373 

Ethylene . . . 

; 


514 

(52) 

i 

410 

1 


i 

i 




On comparing the coefficients of corresponding halogen compounds a marked 
regularity is apparent. The iodide has a. coefficient which is invariably larger', in 
general, by some 30 units, than that of the corresponding bromide, while the bromide 
has in turn a coefficient which is invariably larger than that of the corresponding 
chloride, in general by some 50 units. There is here a close connection between the 
molecular weights of the halides and the magnitude of their coefficients, whether the 
compounds be normal or iso alkyl derivatives, or allyl or ethylene derivatives. 

On comparing the acids with the iodides, the two lowest members exhibit a marked 
irregularity. Formic acid has a coefficient which is more than half as large again as 
that of methyl iodide, although the latter has the higher molecular weight. The 
coefficient of acetic acid is still larger than that of ethyl iodide, although the difference 
io>ocicJK0nr.-->A. 4 g 






WA MESSRS. T.E. THORPE AND J. W. BODGES ON fill RELATIONS 


is only one-tenth of what it was in the ease of the formic acid comparison. Propionic 
and isobutyric acid give values which are uniformly less by some 30 units than those 
of the corresponding iodides, so that sufficiently high up in the acid series the 
members conform to the rule that the compound of lower molecular weight has the 
lower viscosity. 

This behaviour of the aoids with reference to the iodides is my probably to be 
attributed to the high molecular complexity of the lowest acids. If the viscosity 
coefficient is greater the higher the molecular weight of the liquid molecule, on using 
Ramsay and Shields' observations to estimate the molecular complexity, it follows 
that aoetio acid should have a slightly larger viscosity than ethyl iodide, and higher 
acids should have smaller viscosities than the corresponding iodides just as is the 
case in the above table. Formic acid, on the other hand, although its complexity 
appears from surface-energy observations to be about the same as that of acetic acid, 
has, at its boiling-point, a smaller liquid molecular weight than methyl iodide, and 
would be expected to have a correspondingly smaller viscosity. This is, however, 
not the case, and points either to the fact, as already stated, that the surface-energy 
observations employed do not give a correct measure of the complexity, or that 
formic acid, as initial member of the homologous series, gives a peculiar value of Jhe 
viscosity coefficient. 

On comparing the alcohols with the iodides, methyl alcohol is seena much 
smaller coefficient than methyl iodide, but for the remaining alchhols given in the 
table the coefficients are decidedly greater than those of the iodides; for the 
saturated alcohols the difference is about 100 units. 

These results cannot be easily explained. According to surface-energy measure¬ 
ments the weights of the molecules of the liquid alcohols are invariably lower than the 
ordinary molecular weights of corresponding iodides. Methyl alcohol, however, is 
the only alcohol which has a lower viscosity than the corresponding iodide. 

In explanation of these anomalies the following points must be home in mind :— 

1. The degree of molecular complexity may not be accurately indicated by surface- 
energy measurements. 

2. The molecular complexity of the alcohols may increase with rise in molecular 
weight. 

3. The boiling-point may not be a suitable condition of comparison. 

That the boiling-point is a suitable condition of comparison in the case of the 
chlorides, bromides, and iodides is shown by the fairly definite relations exhibited. 
Hence, it is probable that the molecular complexity of the aloohols does increase with 
rise in molecular weight, contrary to the conclusion arrived at from surface-energy 
measurements. 
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Normal Propyl and Allyl Compounds. 



Normal propyl. 

Difference. 

Ally!. 

V* 

'/• 

Hydrocarbons. 

204 

(6) 

292 

Iodides. 

353 

9 

344 

Bromides. 

325 

10 

315 

Chlorides. 

274 

12 

202 

Alcohols. 

463 

90 

373 


Ethylene and Acetylene Bromides. 



— 

Ethylene. 

Acetylene, 

Bromides. 

514 

72 

442 


With the exception of the alcohols, a normal propyl compound has invariably a 
slightly larger coefficient than the corresponding allyl compound, the average 
difference being some 9 units. It is noteworthy that diallyl and normal hexane are 
related in the same way as the halogen derivatives. In the case of the alcohols, the 
difference is still in the same sense but has reached the value of 90 units, or 10 times 
its magnitude in the preceding comparisons, a result no doubt due to molecular 
complexity. 

Ethylene and acetylene bromides may be compared here, as they differ in consti¬ 
tution in the same way as normal propyl and ally! compounds. The saturated 
compound has a coefficient which is the larger by some 72 units, a value comparable 
with that given by the alcohols. 


Isologous Hydrocarbons. 


n ♦ 

(Normal) 

Difference. 


Difference. 


Difference. 

C a H„_, 

7 * 

7* 

7• 

7 * 

5 

200 


185 

12 

188 



6 

204 



12 

192 

-112 

316 

7 

109 


m « 

♦ * 

* • 

- 49 

248 

8 

198 

HI 

1 t • 

m • 

• « 

- 35 

233 
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Oa comparing normal pentane with isoamylene, loss of hydrogen is attended by a 
slight fell in viscosity of some 15 units. Isoprene and diallyi give numbers which differ 
from those of the corresponding paraffins by about the same amount, some 12 units. 
It is thus evident, that in passing from amylene to isoprene, the effect of loss of 
hydrogen on the viscosity-coefficient is counterbalanced by constitutive infloenop p. 

The effects of constitution are well illustrated by the numbers given by the 
aromatic hydrocarbons which are decidedly larger than those of the corresponding 
paraffins, so that fall in molecular weight appears to be accompanied by rise in 
viscosity. The large difference given by benzene may be attributed to the anomalous 
behaviour exhibited in general by the lowest members of homologous series, to which 
reference has already been made. 


Substitution of Halogen for Hydrogen. 


! 

Bromine for hydrogen. 


Chlorine for hydrogen. 


| 

U, 

CnH^Br,,. 

0„H 2 „ +1 Br. 

Chlormethanes. 



7 - 

_ 

Difference. 

7 - 


7 * 

Difference. 

2 

514 

385 

329 

Methylene chloride . . 

3&1 

23 

3 

4 

(Iso) 

450 

125 

325 

Chloroform .... 

386 

102 

467 

j 

156 

311 

Carbon tetrachloride . 

488 



On comparing alkylene dibromides with alkyl bromides containing the same number 
of carbon atoms, it is evident that on replacing hydrogen by bromine the viscosity 
coefficient is largely increased. The variation of the effect with increase in molecular 
weight is, however, not regular; this is probably due, as already indicated, to the 
peculiar behaviour of propylene bromide. 

The values for the chlormethanes indicate that, although the effect of substituting 
hydrogen by chlorine is to increase the coefficient, yet the magnitude of the effect 
depends to a great extent on the amount of halogen already present in the molecule. 
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The introduction of a carbon atom and the occurrence of a double linkage, which 
takes p*f" a in passing from tetrachlormethane to tetrachlorethylene, is followed by a 
consid erable lowering of the viscosity coefficient, viz., 107 units. 

This effect is almost the same as that produced on passing from methyl alcohol to 
acetaldehyde, where 0 is replaced by CO. It must not be forgotten, however, that in 
the case of methyl alcohol the result is affected by molecular complexity. 


Isomers. 


Normal and Iso Compounds. 



Normal. 

Difference. 

Iso. 


¥• 

7' 

Pentanes. 

Hexanes. 

Heptanes. 

Propyl iodides. 

Propyl bromides , . . . 

Propyl chlorides .... 
Butyric acids. 

200 

204 

199 

353 

325 

274 

309 

- 3 

- 1 

1 

- 6 

- 4 

- 1 

2 

203 

205 

198 

359 

329 

275 

307 

Propyl alcohols . . 

Butyl alcohols. 

] 

463 

405 

-28 
-47 ^ 

491 

452 


Excluding the alcohols, the viscosity-coefficient of an iso compound is either 
slightly greater than, or almost equal to. that of the corresponding normal compound. 
In the seven cases cited, the coefficient of the iso coropouod is, on the average, 
greater by some two units. In the case of the alcohols the differences are m the same 
sense, but have considerably larger values, viz., 28 and 47 units. 


Butyl Alcohols and Ethyl Ether. 



V- 

Difference. 

Normal butyl alcohol . • • * • 

405 

47 

Isobutyl alcohol. 

452 

114 

Trimethyl .. 

566 


Ethyl ether .. 

205 
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Amyl Alcohols, 


, 

>h 

Difference. 

Inactive amyl alcohol. 

Active amyl alcohol. 

Dimethyl ethyl c&rbinol .... 

* 

378 

374 

418 

-4 

44 


On comparing the coefficients of the isomeric alcohols they seem to vary in a regular 
way with the constitution. The more branched the chain of atoms in the moleoule 
the higher is the viscosity. A tertiary alcohol has a larger coefficient than an iso- 
alcohol, and an iso alcohol than a normal alcohol. Active and inactive amyl alcohols 
have almost the same coefficients at their boiling-points. 

If the above relations are affected by complexity, it is evident that the extent of 
the complexity is dependent on the chemical nature of the substances. 


Allyl Alcohol and Acetone. 



V• 

Difference. 

Allyl alcohol .. 

373 


—141 

Acetone. 

232 




Allyl alcohol has a value which is more than half as large again as that of acetone, 
and, as is shown in the preceding table, butyl alcohol a value which is more than twice 
as large as that of ethyljether. These results are, no doubt, affected both by diffe¬ 
rences in chemical constitution and of molecular complexity. 

Dichlorethanes. 




Difference. 

Ethylene chloride .. 

Ethylidene chloride.. 

410 

336 

-72 
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0 ‘ 


i* Isomeric Ketones. 




Difference. 

Diethyl ketone. 

222 

12 

Methyl propyl ketone. 

234 


Ethylene chloride gives a coefficient which is markedly larger than that of ethylidene 
chloride. Here the symmetrical isomer has the larger value. In the case of the 
isomeric ketones, however, the symmetrical compound has slightly the smaller coeffi¬ 
cient. The probable cause of this result has already been indicated. 


Aromatic Hydrocarbons. 


Ortho-xylene 
Meta-xylene 
Para-xylene 
Ethyl benzene 


247 

219 


Difference, 

-28 

1 


220 

233 


13 


Meta- and para-xylene have identical coefficients, which are, however, removed from 
that of ortho-xylene, which is some 30 units larger. The value for ethyl benzene is 
between that of ortho-xylene and of the other two isomers. 


General Conclusions relating to Viscosity Coefficients at the Boiling-point . 

The results arrived at from the previous discussion may be summarized as follows:— 

(1.) As an homologous series is ascended, in a few cases the visoosity coefficients 
remain practically the same, but in the greater number of series the coefficients 
diminish. 

In one series the coefficients increase. 

In the of the alcohols the coefficients vary irregularly with ascent of the series. 

(2.) Of corresponding compounds, the one having the highest theoretical molecular 
weight has in general the highest coefficient. 

The acids and, to a much greater extent, the alcohols do not accord with this rule. 

(3.) Normal propyl compounds have, as a rule, slightly higher values than allyl 
compounds j in the oase of the alcohols propyl compounds have much the higher value. 
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(4.) The effect of molecular weight is is some cases more than counterbalances 
by the effect of constitution or of complexity. 

(5.) The lowest members of homologous series frequently exhibit deviations from 
the regularities shown by higher members. 

(6.) An iso compound has, in general, a larger coefficient than a normal compound, 
and the differences reach their maximum in the case of the alcohols. 

(7.) In the case of other metameric substances, branching of the atomic chain and 
the symmetry of the molecule influence the magnitudes of the coefficients; the ortho¬ 
position, in the case of aromatic compounds, appears to have a more marked effect on 
the coefficient than either the meta- or para-positions. The isomeric normal alcohols 
give values .which are almost twice as large as those of acetone and ethyl ether. 

(8.) One of the most striking points thus brought to light is the peculiar behaviour 
of the alcohols, and to some extent of the acids, as contrasted with that of other 
liquids. 

Molecular Viscosity (17 x specific molecular area = ycP) at the boiling-point. 
(tj in dynes per sq. centim. x specific molecular area in sq. centime. X 10 4 ), 


Homologues. 



yd P*. 

Difference. 

Pentane .... 


480 

70 

Hexane . . . 


550 

43 

Heptane .... 


593 

53 

Octane .... 


646 


Isopentane . , . 

«»«* + « 

489 

62 

Isobexane . . . 

• * < « 6 « 

551 




37 

Isoheptane . . . 


588 


Isoprene .... 


415 

68 

Diallyl .... 


483 


Methyl iodide * * 


639 


Ethyl iodide. . . 

• 4 * ‘ • • 

721 

vWB 

74 

Propyl iodide . . 

• * .... 

798 


Isoprdjjyl iodide . 


816 

46 

Isobutyl iodide. . 

_2_ _ 

862 
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* 

Hotnologues (continued). 



r,d\ 

Difference. 

Ethyl bromide. 

597 

89 

Propyl bromide. 

68 6 

Isopropyl bromide. 

705 

56 

Isobutyl bromide. 

761 


Ethylene bromide. 

1089 

-4 

Propylene bromide. 

1085 


Isopropyl chloride. 

Or 

OS 

90 

Isobntyl chloride. 

657 


Methylene chloride. 

587 

208 

Ethylene chloride. 

795 


Methyl sulphide. 

450 

(61) 

Ethyl sulphide. 

572 

Dimethyl ketone. 

420 

(57) 

Diethyl ketone. 

530 

! 

Methyl ethyl ketone. 

504 

| 

i 

61 

Methyl propyl ketone. 

565 

i 

■ 


Formic acid. .. 

639 


* 


— 24 

Acetic acid. 

615 

15 

Propionic acid. . . 

630 

72 

Butyric acid.. 

702 


Acetic anhydride. 

635 

(38) 

Propionic anhydride. 

710 

Benzene. 

661 

-65 

Toluene. 

596 




28 

Ethyl benzene. 

624 

1 

l 


4 H 


MDCOCXCIV.— A. 
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Homologues (continued). 



^d 3 . 

Difference. 

Methyl alcohol. 

401 

292 

Ethyl alcohol. 

693 

176 

Propyl alcohol. 

869 

14 

Butyl alcohol. 

883 


Isopropyl alcohol. 

928 

59 

Isobutyl alcohol. 

987 

— 51 

Isoamyl alcohol. 

936 


Trimethyl carbinol. 

1243 

- 219 

Dimethyl ethyl carbinol .... 

1024 



Corresponding Compounds. 



Iodide. 

Bromide. 

Chloride. 

Acid. 

Alcohol. 

t] d 3 . 

Diff. 

v d*. 

Diff. 

rj d 3 

Diff. 

9J <P, 

Diff. 

ry d 3 . 

Methyl . . . 

639 


• ♦ 

• • 

* «r 

0 

639 

238 

401 

Ethyl .... 

721 

124 

597 

• • 

, , 

106 

615 

28 

693 

Propyl.... 

795 

109 

686 

129 

557 

165 

630 

- 74 

869 

Butyl .... 

•• 

•• 

• • 

*• 

• • 

# # 

702 

• • 

883 

Isopropyl. . . 

816 

111 

705 

138 

567 

• • 

• « 

-112 

928 

Isobutyl . . . 

862 

101 

761 

104 

657 

162 

700 

-125 

987 

Aliyl .... 

745 

110 

635 

131 

504 

• • 

• • 

86 

659 

Ethylene . . . 

f V 

• • 

1089 

(147) 

795 

• • 

• # 

» • 

! • * 
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Normal Propyl and Allyl Compounds. 



Normal propyl. 

Difference. 

Allyl. 


7J 

Hydrocarbons . . . . 

560 

(34) 

483 

Iodides. 

795 

50 

745 

Bromides. 

686 

51 

635 

Chlorides ..... 

557 

53 

504 

Alcohols. 

869 

210 

659 


Ethylene and Acetylene Bromides. 



Kthylene. 

Difference. 

Acetylene. 

rj 6P, 

y d 3 . 

Bromides. 

1089 

194 

895 


n. 


Isologous Hydrocarbons. 


CwIIgii + 

Diff. 

C M Hg#» 

Diff. 


7j d 3 . 

7f d 2 . 

7) (jP. 

480 

60 

420 

65 

1 

415 

550 

• • 

• • 

67 

483 

593 

• • 

,. 

,. 

. # 

646 

• • 

•• 


♦ ♦ 


Diff. 

ChHsjm— 

rj d 2 . 

-Ill 

661 

- 3 

596 

22 

624 


Substitution of Halogen for Hydrogen. 


Bromine for hydrogen. 

Chlorine for hydrogen. 


C*H 2 „Br 2 . 

Diff. 

CnHjnBr. 

Chlor me thanes. 

Diff. 

ft. 






tf d*. 


tj (p. 




2 

1089 

492 

597 

Methylene chloride . . . 

587 

156 

3 

1085 

399 

686 

Chloroform...... 

743 








334 

4 (Iso) 

1274 

513 

761 

Carbon tetrachloride . . 

i 

1077 



4 h 2 
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Compounds differing by one Carbon Atom. 



if d 3 . 

Diff. 


— 

1 ) cP. 

Diff. 

Tetrachlormethane . . . 

Tetraehlorethylene. . . 

1077 

898 

-179 

Methyl alcohol . . . . 

Aldehyde. i 

401 

322 

-79 


Isomers. 


Normal and Iso Compounds. 



Normal. 

Difference. 

Iso. 

7j d 3 . 

»/ d 2 . 

Pentanes. 

480 

- 9 

489 

Hexanes. 

550 

- 1 

551 

Heptanes. 

593 

5 

588 

Propyl iodides .... 

795 

- 21 

816 

Propyl bromides . . . 

686 

- 19 

705 

Propyl chlorides . . . 1 

557 

- 10 

567 

Butyric acids . . . '. ! 

702 

2 

700 

Propyl alcohols . . . j 

869 

- 59 

928 

Butyl alcohols . . . . j 

883 

-104 

987 


Butyl Alcohols and Ethyl Ether. 



rj d\ 

i 

Difference. 

Normal butyl alcohol. 

883 

104 

Isobutyl alcohol. 

987 

256 

Trimethyl carbinol. 

1243 


! Ethyl ether. *. 

459 


Amyl Alcohols. 


v d\ 

Difference. 

Inactive amyl alcohol. 

936 

- 16 

Active amyl ^alcohol. 

920 

104 

Dimethyl ethyl carbinol .... 

Itir 

1024 
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Allyl Alcohol and Acetone. 



y d*. 

Difference. 

Allyl alcohol. 

Acetone. 

659 

420 

-239 


Dichlorethanes. 


Ethylene chloride. . 
Ethylidene chloride . 


Isomeric Ketones. 




Difference. 

Diethyl ketone. 

533 

32 

Methyl propyl ketone. 

565 



,<p. 


705 

674 


Difference. 


-121 


Aromatic Hydrocarbons. 



n d*. 

Difference. 

Ortho-xylene. 

660 

-70 

Meta-xylene. 

590 

4 

Para-xylene. 

594 

30 

Ethyl benzene. 

624 
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Conclusions relating to Molecular Viscosity at the Boiling-point. 

(1.) The foregoing tables make it evident that, with the exception of the alcohols, 
the dibromides and the lowest members of homologous series, an increment of CH 2 
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in chemical composition corresponds with an increase in molecular viscosity. This 
increase is, however, far from being constant, even in the same series. 

(2.) With the above exceptions, it is also apparent that the corresponding 
compound having the highest molecular weight has the highest molecular viscosity, 
and the differences between the members of two corresponding series are fairly constant. 

(8.) The relationships shown in the other tables are substantially of the same 
nature as those given by the viscosity coefficients. 

The comparisons which give the largest deviations from regularity contain those 
substances which have already been shown to exhibit a peculiar behaviour, namely, 
the alcohols, acids, propylene dibromide, ethylene dichloride, &o. 

In order to give some idea of how far molecular viscosity at the boiling-point is 
quantitatively connected with chemical nature, attempts were made by the method 
given in detail at a later stage to calculate the probable partial effects of the atoms 
on the molecular viscosity. Values were also assigned to the effect of the iso 
grouping of atoms, the double linkage of carbon atoms, and the ring grouping. The 
values thus obtained are given in the following table :— 


Fundamental Viscosity Constants (Molecular Viscosity at the Boiling-point.) 


Hydrogen. 

. 

H 

80 

Carbon. 


c 

! 

- 98 

Hydroxyl-oxygen. 

. O—0—H 

\ 

o 

/ 

196 

Ether-oxygen. 

°\ 

o 

1 

o 

0< 

35 

Carbonyl-oxygen. 

. c=o 

II 

0 

248 

Sulphur. 

. c—s—c 

\ / 

155 

Chlorine. 


Cl 

284 

Bromine (in monobromides) 


Br 

420 

Bromine (in dibromides) . . . 

. 

Br' 

479 

Iodine. 


I 

520 

Ieo grouping. 


< 

15 

Double linkage. 

. 

(=) 

113 

Ring grouping. 

. 

© 
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The main points to be considered in connection with the meaning to be attached to 
fundamental viscosity constants in general, may be introduced here. 

As has already been stated, viscosity may be taken as a measure of the attractive 
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forces in play between molecules. Now the preceding tables, and more especially 
those given later, go to show that an increment of CH 2 in chemical composition, or the 
substitution of an atom of chlorine, bromine, or iodine for an atom of hydrogen, brings 
about a definite change in the viscosity magnitudes. It is therefore made evident 
that viscosity or intermolecular attraction is in reality a property of the atoms of 
which the molecules are composed. 

But besides change in molecular weight, change in the mode of grouping of the 
same atoms also affects the values of the viscosity magnitudes. The observations 
show that iso compounds have values differing from those of isomeric normal 
compounds; ring compounds have not the values which by the study of straight chain 
compounds they might be expected to have; compounds containing hydroxyl oxygen 
give values differing from those containing carbonyl oxygen. The same atoms must 
therefore exert different effects when differently linked together. That the effects of 
the atoms in one portion of the molecule need not be affected by change in the mode 
of linkage of the atoms in another portion is proved by the fact that the effects of 
CHjj, of iodine, of bromine, etc., are the same in normal and in iso compounds. In 
the present state of the question it is impossible, however, to ascertain to what extent 
the individual effects of each atom are influenced by an alteration in the mode of 
grouping in a given portion of a molecule. Hence the method adopted in deducing 
fundamental constants is to assume that certain atoms retain the same values under 
all conditions whilst the collective change in the values of those atoms which are 
affected by the mode of linkage is, when possible, expressed either as a new constant 
—the value of an iso linkage, a double linkage, etc.—or by saying that a particular 
atom has assumed a new value, e.g., carbonyl oxygen, hydroxyl oxygen, etc. In some 
cases the method of calculation may lead to the result that a negative constant is 
ascribed to a particular atom. In deducing the values of carbon and hydrogen, for 
example, it is implied that in a CH 2 group and in the molecule of a normal paraffin 
the individual effect of each atom of carbon or of hydrogen is the same. The above 
reasoning and the actual results show, however, that this is not the case. The effects 
exerted by carbon and hydrogen in a CH 3 group are different from those in a CH a 
group. Since this constitutive effect cannot be correcth r apportioned amongst the 
atoms concerned in it, the fundamental constant of an element may for this reason 
come out negative although the absolute effect exerted by any atom is doubtless 
positive. 

For these reasons fundamental constants are to be regarded as empirically 
ascertained magnitudes which are merely intended to indicate how far the observed 
results may be represented as the sum of partial values which are the same for all 
substances. They have no reference to the possible behaviour of the elements when 
in the free state; they simply serve to show how far definite changes in chemical 
composition correspond with definite changes in the viscosity magnitudes. 
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The comparisons of the observed molecular viscosities and those calculated by means 
of the above fundamental constants are given in the following tables. 

In the first, Table A, are set out those compounds for which the agreement is fairly 
satisfactory. With respect to the agreement it must be borne in mind that errors 
incidental to the determination of the boiling-point, density, and thermal expansion, 
as well as of viscosity, may affect the observed values. 

In the second, Table B, are placed compounds which give differences which are far 
beyond the limits of the experimental errors involved. 


Molecular Viscosity at the Boiling-point. 
Table A. 



Observed. 

Calculated. 

Difference 
per cent. 

Pentane. 

480 

i 

470 

21 

Hexane. 

550 

532 

3‘3 

Heptane. 

593 

594 

-01 

Octane. 

046 

656 

- 1*5 

Isopentane. 

489 

485 

0*8 

Iso hexane. 

551 

547 

0*7 

Isoheptane . 

588 

609 

- 3*6 

Amylene. 

420 

438 

- 4 3 

Methyl iodide. 

639 

662 

— 3*6 

Ethyl iodide. 

721 

724 

-04 

Propyl iodide. 

795 

786 

1*1 

Isopropyl iodide. 

816 

801 

1*8 

Isobutyl iodide. 

Allyl iodide. 

862 

863 

-01 

745 

739 

0*8 

Ethyl bromide. 

597 

624 

-4-5 

Propyl bromide. 

686 

686 

0 

Isopropyl bromide. 

IsoDutyl bromide. 

705 

701 

0-6 

761 

763 

-0-3 

Allyl bromide. 

635 

639 

— 06 

Ethylene dibromide .... 

1089 

1082 

0-6 

Isobutylene dibromide. . . . 

1274 

1221 

42 

Propyl chloride. 

Isopropyl chloride. 

Isobutyl chloride. 

Allyl chloride. 

Ethylidene aichloride.... 
Caroon tetrachloride . . . . 

557 

567 

657 

504 

674 

1077 

550 

565 

628 

503 

692 

1038 

1-2 

0'3 

44 

0-2 
— 27 

36 
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Table A (continued). 


* 

......-»- 

4 Observed. 

Calculated. 

Difference 
per cent. 

Methyl sulphide. 

Ethyl sulphide. 

450 

572 

439 

583 

24 
- 1*9 

Dimethyl ketone. 

Methyl ethyl ketone .... 
Methyl propyl ketone.... 
Diethyl ketone. 

420 

504 

565 

533 

434 

496 

558 

558 

-33 

1*5 

1*2 

-4*6 

Propionic acid. 

630 

630 

0 

Butyric acid. 


692 

1*4 

Iaobutyric acid. 

■ 

707 

- 10 

Acetic anhydride. 

635 

619 

2*5 

Propionic anhydride .... 

710 

743 

- 4*6 

Ethyl other. 

459 

443 

3*5 

Toluene. 

596 

564 

5*3 

Ethyl benzene ...... 

624 

626 

-0*3 

Ortho-xylene. 

660 

626 

5*1 

Meta.* xylene.. 

590 

626 

- 6T 

Para-xylene. 

594 

C26 

— 5*4 

Bromine. 

981 


2*3 

Methyl alcohol ...... 

401 




* Calculated from the value of bromine in dibromides. 


4 1 


MDOOCXCIV.—A 
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Molecular Viscosity at the Boiling-point. 


Table B. 



Observed. 

Calculated. 

Difference 
per cent. 

Isoprene . 

415 

376 

9-4 

Diallyl. 

483 

438 

9-3 

Propylene dibromide .... 

1085 

1144 

- 5*4 

Acetylene di bromide .... 

895 

1035 

- 15-6 

Ethylene dichloride .... 

795 

692 

129 

Methylene dichloride .... 

587 

630 

- 73 

Chloroform. 

743 

834 

-12-2 

Carbon di chloride. 

898 

1053 

- 17*2 

Carbon disulphide. 

478 

218 

54*4 

Acetaldehyde. 

322 

372 

- 15*5 

Formic acid. 

639 

506 

208 

Acetic acid. 

015 

568 

7-6 

Benzene. 

j . 661 

502 

- 

24*0 

Water. 

199 

359 

-804 

Ethyl alcohol. 

693 

483 

80-3 

Propyl alcohol. 

869 

545 

373 

Butyl alcohol. 

883 

607 

31-2 

Isopropyl alcohol. 

928 

560 

39-6 

Isobutyl alcohol. 

987 

622 

369 

Inactive amyl alcohol.... 

936 

684 

269 

Active amyl alcohol .... 

920 

684 

25 6 

Trimethyl carbinol. 

1243 

637 

48-8 

Dimethyl ethyl carbinol . . . 

1024 

699 

31 7 

Allyl alcohol. 

. -. . . 

659 

498 

24 - 4 
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1. It will be seen from the first table that, in the case of forty-five liquids, the 
difference between the observed and calculated values rarely exceeds 5 per cent. 
Here molecular weight and chemical constitution exert effects upon the magnitude 
of the molecular viscosity which can be quantitatively expressed with moderate 
exactness. 

In the case of the isomeric ketones and aromatic hydrocarbons the differences are 
in part due to constitutive influences which, as yet, on account of lack of data it is 
not possible to allow for in obtaining the calculated values. 

2. In the second table are found those substances which give differences exceeding 
this 5 per cent, limit. These may be roughly classed aB unsaturated hydrocarbons, 
polyhalogen compounds, formic and acetic acids, benzene, water, and the alcohols. 

In many cases the differences are the result of constitutive influences. The same 
calculated value is used for ethylidene and ethylene dichloride. The large difference 
given by the latter is the result of the difference in the structure of the two com¬ 
pounds. The calculated values for the chlormethanes are obtained by means of the 
value possessed by chlorine in monochlorides. The differences are seen to increase as 
chlorine accumulates in the molecule, pointing to the conclusion, supported by other 
physico-chemical comparisons, that the effect produced on substituting hydrogen by 
halogen depends on the number of hydrogen atoms previously substituted. In 
calculating the value of carbon bisulphide, the value of sulphur in alkyl sulphides 
was employed. The large difference may be attributed, in part at least, to the 
difference in the mode of linkage of sulphur in the bisulphide. Benzene gives a 
large difference, probably for the reasons given when discussing the graphical 
representation of the results. 

The calculated value of aldehyde is obtained in the same way as that of a ketone. 
The difference obtained is, therefore, an indication of the generic difference in the 
chemical constitution of the two classes of substances. 

The calculated values of all the hydroxyl compounds given in the table are obtained 
by means of the constant for hydroxyl oxygen deduced from the higher fatty acids. 
It will be seen that in the case of the lower acids, of water, and of all the alcohols 
but methyl alcohol, there is no indication of agreement. For the lowest acid 
chemical constitution, as already mentioned, may in part be the cause of the 
difference, but for the other substances difference in molecular complexity at the 
boiling-point is doubtless the main factor in producing the large divergences above 
obtained. 

As the stoichiometric relationships exhibited by molecular viscosity at the boiling- 
point are on the whole not very definite, we do not intend to further discuss the 
results given in the above tables. 


4x2 
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Molecular viscosity work (17 x specific molecular volume = 17c? 8 ) in ergs x 10 8 

AT THE BOILING-POINT. 

(17 in dynes per sq. centim. X specific molecular volume in cub. centime. X 10 8 .) 

Homologubs. 


Pentane .... 
Hexane .... 
Heptane .... 
Octane .... 
Isopentane . . . 

Isohexane . . . 

Isoheptane . . . 

Isoprene .... 
Diallyl .... 

Methyl iodide . . 

Ethyl iodide . . 

Propyl iodide . . 

Isopropyl iodide . 
Isobutyl iodide. . 

Ethyl bromide . . 

Propyl bromide . 
Isopropyl bromide 
Isobutyl bromide . 
Ethylene bromide. 
Propylene bromide 

Isopropyl chloride 
Isobutyl chloride . 
Methylene chloride 
Ethylene chloride. 
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Homologues (continued). 



i/d 8 . 

Difference. 

Methyl sulphide 

190 

(46) 

Ethyl sulphide. 

283 

Dimethyl ketone. 

179 

(«) . 

Diethyl ketone. 

261 

Methyl ethyl ketone. 

231 

46 

Methyl propyl ketone. 

277 

* 

Formic acid. 

221 

25 

Acetic acid. 

246 

28 

Propionic acid . .. 

274 

60 

Butyric acid. 

334 


Acetic anhydride. 

304 

(38) 

Propionic anhydride. 

381 


Benzene . 

302 

- 9 

Toluene. 

293 

30 

Ethyl benzene. 

323 


Methyl alcohol. 

1-40 

135 

Ethyl alcohol. 

275 

101 

Propyl alcohol. 

376 

34 

Butyl alcohol. 

410 

■ 

Isopropyl alcohol. 

404 

57 

Isobutyl alcohol. 

461 

u I 

5 

Isoamyl alcohol ....... 

466 


Trimethyl carbinol. 

582 

- 75 

Dimethyl ethyl carbinol .... 

507 























614 


MESSRS. T. E. THORPE AND J. W, RODGER OH THE RELATIONS 


Corresponding Compounds. 


Iodide. Bromide. 


Chloride. 

Acid. 

Diff. 

yd 8 . 

Diff. 

fl^P. 

• # 


85 

221 

* # 

,, 

72 

246 

64 

251 

103 

274 

•• 

• • 

•* 

334 

68 

258 


• « 

58 

318 

101 

334 

63 

222 

• ♦ 

• . 

(75) 

360 




Normal Propyl and Allyl Compounds. 

r 

Normal Propyl. 

-Difference. - 


Alcohol. 


Diff. . 


- 15 

- 26 

70 


Hydrocarbons. 

285 

(22) 

Iodides . 

377 

30 

Bromides. 

315 

30 

Chlorides. 

251 

29 

Alcohols. 

376 

99 

Ethylene and Acetylene bromides. 


Bromides 


Ethylene. j 

1 % <■ irAHAVk /*fc4*v 

Acetylene. 


jL/inerence. 

yd 9 * 

501 

98 

403 
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Isologous Hydrocarbons. 


». 

(Normal) 

* 





ipdP. 

Difference. 

rjdP* 

Difference. 


Difference. 

1 /dP. 

5 

235 

35 

200 

40 

195 

■■■| 


6 

285 

• * 


43 

242 


302 

7 

323 

• • 

• # 

• • 

• • 

■PS 

293 

8 

369 

• e 

• • 

• ♦ 

# • 


323 


Substitution of Halogen for Hydrogen. 


Bromine for hydrogen. 

Chlorine for hydrogen. 

n. 

CnHjnBrj. 

,<p. 

Difference. 

C*H 2 n+iBr. 

yd?. 

Chlormethanes. 

v d*. 

Difference. 

2 

501 

246 

255 

, Methylene chloride . . 

236 

90 

3 

533 

218 

315 

Chloroform. 

326 





! 

1 


180 

4 (Iso) 

. 666 

290 

376 

; Carbon tetrachloride . . 

506 



Compounds Differing by One Carbon Atom. 



v dK 

i 

I 

Difference. 

! 


v &. 

Difference. 

Tetrachlormethane, . . 

506 

-70 | 

Methyl alcohol .... 

140 

-16 

Tetrachlorethylene. . . 

436 


Aldehyde . 

124 



Isomers. 

Normal and Iso compounds. 



Normal. 

v dK 

Difference. 

Iso. 

Pentanes. 

235 

- 5 


Hexanes. 

285 

- 1 


Heptanes. 

323 

2 

321 

Propyl iodides. 

377 

-12 

389 

Prowl bromides. 

315 

— U 

326 

1 

1 

PH 

251 

- 7 

258 

Butyric acids. 

334 

0 

334 

Propyl alcohols. 

Butyl alcohols ...... 

376 

410 

-28 

404 

461 





































616 MESSRS. T. E. THORPE AND J. W. RODGER ON THE RELATIONS ■ 


Butyl Alcohols and Ethyl Ether. 




Difference. 

Normal butyl alcohol. 

410 

51 

Isobutyl alcohol. 

461 

121 

Tritnethyl carbino!. 

582 


Ethyl ether. 

218 



Amyl Alcohols. 




Difference. 

Inactive amyl alcohol . . * . . 

466 

-10 

Active amyl alcohol. 

456 

51 

Dimethyl ethyl carbinol .... 

507 


Allyl Alcohol and Acetone. 




Difference. 

AU 3 1 alcohol. 

Acetone .. 

277 

179 

-98 


Dichlorethanes. 



1 yd 8 . 

Difference. 

Ethylene chloride. 

Ethylidene chloride. 

350 

301 

-49 


Isomeric Ketones. 




Difference. 

Diethyl ketone. 

Methyl propyl ketone . * . . . 

261 

277 

16 
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Aromatic Hydrocarbons. 



iyd 8 . 

Difference. 

Ortho-xylene. 

341 

—35 

Meta-xylene. . 

306 

2 

Para-xylene. 

308 

15 

Ethyl benaene. 

323 

i 


Conclusions in reference to Molecular Viscosity Work at the Boiling-point. 

By means of the numbers given in the preceding tableR the following probable 
values for fundamental constants are deduced 


Fundamental Viscosity Constants (Molecular Viscosity Work at the 

Boiling-point.) 


Hydrogen . 

II 

1 

-1*5 

Carbon . 

0 

50 

Hydroxyl-oxygen . C—0 — H 

V 

102 

Ether-oxygen . C—0— C 

0< 

27 

Carbonyl-oxygen * . . . . C=0 

0 

41 

Sulphnr . C — S — C 

\ / 

09 

Chlorine . 

Cl 

109 

Bromine (in monobromide) ..... 

Br 

176 

Bromine (in dibromides) . 

Br' 

212 

Iodine ... 

I 

233 

Iso grouping .. 

< 

5 

Double linkage . 

(=) 

-31 

Ring grouping . 

® 

1 ... rr . n .. 

-60 


Itt the following tables is given the comparison of the observed and calculated 

^numbers. ■ 

MDOOOXCIV.—-A. 4 K 
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The substances are classified into two groups—Table A and Table B—as in tbe 
case of molecular viscosity, according as the differences are less or greater than about 
5 per cent. 


Molecular Viscosity Work at the Boiling-point. 
Table A. 



Observed. 

Calculated. 

fHfferenoa 
per cent. 

Pentane. 

235 

232 

1-2 

Hexane . 

285 

279 

21 

Heptane . . .. 

323 

326 

- 0*9 

Octane. 

369 

373 

- 11 

Isopentane. 

240 

237 

1-2 

Isohexane . 

286 

284 

07 

Isoheptane. 

321 

331 

- 31 

Amylene. 

200 

209 

- 4*5 

Methyl iodide. 

256 

278 

- 86 

Ethyl iodide. 

818 

325 

- 22 

Propyl iodide. 

37? 

877 

1-3 

Isopropyl iodide. 

389 

872 

4*4 

Isobutyl iodide ...... 

435 

424 

2*5 

Allyl iodide. 

347 

344 

0-8 . 

Ethyl bromide. 

255 

268 

- 5*1 

Propyl bromide ...... 

315 

315 

0 

Isopropyl bromide. 

Isobutyl bromide. 

326 

320 

1*8 

376 

367 

2*4 

Allyl bromide. 

285 

287 

- 0*7 

Ethylene dibromide .... 

501 

518 

- 3*4 

Propyl chloride. 

251 

248 

1*2 

Isopropyl chloride. 

Isobutyl chloride. 

258 

253 


318 

300 

5*7 

Allyl chloride. 

221 

220 

0-5 

Ethylideue dichloride.... 

308 

* 

812 

- 13 

Carbon tetrachloride .... 

506 

486 

39 

Methyl sulphide. 

190 

190 

0 

Ethyl sulphide. 

283 

284 

- 0-4 

Dimethyl ketone. 

179 

181 

- M 

Methyl ethyl ketone .... 

231 

228 

18 

Methyl propyl ketone.... 
Diethyl ketone ...... 

277 

275 

0-7 

261 

275 

- 5*4 
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Molecular Viscosity Work at the Boiling-point. 

Table A (continued). 



Observed. 

Calculated. 

Difference 




per cent. 

Acetic acid. 

246 

237 

36 

Propionic acid. 

274 

284 

- 3-6 

Butyric acid. 

334 

331 

0*9 

Isobutyric acid. 

334 

336 

- 0*6 

Acetic anhydride. 

304 

301 

1*0 

Propionic anhydride .... 

381 

395 

- 3-7 

Ethyl ether. 

217 


27 

Toluene. 

293 

278 

51 

Ethyl benzene. 

323 

325 

- 0*6 

Ortho-xylene. 

341 

325 

47 

Meta-xylene. 

300 

325 

- 62 

Para-xylene. 

308 

325 

- 5*5 

Bromine.! 

370 

352 

4-9 

Methyl aloohol. 

140 

146 

- 4*3 


(>19 


4 K 2 
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Molecular Viscosity Work at the Boiling-point. 
Table B. 



Observed, 

Calculated. 

Difference 
per cent. 

Isoprene. 

195 

176 

9-7 

Difilly 1. 

242 

223 

7*9 

Propylene dibromide .... 

533 

565 

- 60 

Isobutylene dibromide . . . 

666 

617 

7*3 

Acetylene dibromide .... 

403 

484 

-201 

Etbylene dichloride .... 

350 

312 

10-8 

Methylene dichloride .... 

236 

265 

- 12-3 

Chloroform. 

326 

375 

- 15*0 

Carbon dicbloride. 

436 

505 

" 

- 157 

Carbon bisulphide ..... 

189 

250 

- 32 3 

Acetaldehyde. 

124 

i 

135 

- 8*8 

Formic acid. 

221 

190 

140 

Benzene . .. 

302 

237 

21*5 

Water. 

53 

99 

-86*8 

Ethyl alcohol. 

275 

193 

29*8 

Propyl alcohol. 

376 

240 

36*2 

Butyl alcohol. 

410 

287 

30*0 

Isopropyl alcohol ..... 
Isobutyl alcohol. 

404 

461 

245 

292 

39*3 

36*6 

Inactive amyl alcohol .... 
Active amyl alcohol .... 

466 

339 

27*2 

456 

339 

25*7 

Trimethyl carbinol .... 

582 

302 

481 

Dimethyl ethyl carbinol . . , 

607 

349 

311 

Allyl alcohol. 

277 

211 

23*9 


The degree of agreement between the observed and calculated values of the 
molecular viscosity work is practically the same as in the case of molecular viscosity, 
and the same striking exceptions occur in the case of hydroxy compounds, &c. 
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General Conclusions relating to Molecular Viscosity and Molecular Viscosity Work 

at the Boiling-point. 

On taking a general survey of the comparisons at the boiling-point, it is evident 
that for the majority of the substances examined—the paraffins and their mono¬ 
halogen derivatives, the sulphides, the ketones, the oxides, and most of the acids and 
aromatic hydrocarbons—molecular viscosity and molecular viscosity work may, with 
moderate exactness, be quantitatively connected with chemical nature. 

The remaining substances—unsaturated hydrocarbons, di- and polyhalogen com¬ 
pounds, formic acid, benzene, water, and the alcohols—present marked exceptions to 
the foregoing regularities. Most of these substances have already been shown, both 
in the graphical and algebraical portions of this memoir, to be peculiar; hydroxy 
compounds, and, in particular, the alcohols, exhibiting in all cases the most pronounced 
deviations from regularity. 

B. Comparison of Viscosity Magnitudes at the corresponding Temperature of *G. 

Tables similar to those already given were constructed showing the various viscosity 
magnitudes at the corresponding temperature '6. When satisfactory observed or 
calculated data could not be obtained, the critical temperature was deduced by means 
of the formula of Thorpe and ROcker (Jour. Chem. Soc., vol. 45, p. 135, 1884) 

(f + 273) V, - 273 
” “ ' 1-91*5 (V, - 1) ' 

0 is the absolute critical temperature, V, is the volume that unit-volume of liquid 
measured at 0° occupies at t°. 

From the values of the critical temperatures thus obtained, T, the corresponding 
temperature of ‘6 on the ordinary scale, was given by T = 6 (0) — 273. 

Thorpe and Rucker’s formula is inapplicable to the case of water. To make the 
calculated critical temperature for water harmonise with the observed value, a instead 
of being 1*995 would require to be 4*2. The alcohols in general give values of a 
which are also larger than 2 by about 10 per cent. 

The critical data are too unsatisfactory to warrant us in laying any particular stress 
on the relationships obtained under this condition of comparison. We think, therefore, 
that no useful purpose can be served by reproducing the tables. Partial and imperfect 
as the available data are, the relationships however are similar to, even if less definite 
than, those obtained at the boiling-point. For a property like viscosity, which alters 
so rapidly with temperature, a corresponding temperature is certainly no better os a 
condition of comparison than the boiling-point. 
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C. Comparisons op Viscosity Magnitudes at Temperatures op Equal Slope. 

On comparing the viscosity curves of those substanoes which gave the best 
physico-chemical relationships at the boiling-point, it was at once seen that the general 
shape of these curves towards the boiling-point was practically the same. If tangents 
were drawn to the curves at points corresponding with the boiling-points of the liquids, 
the inclinations of the tangents to the axes, that is the slopes of the curves, varied but 
little. On the other hand, the curves for liquids such as the alcohols or the lowest 
members of homologous series, which gave little indication of physico-chemical 
relationships, had invariably a different shape. The entire course of these curves was 
indeed exceptional, and the inclinations of tangents drawn at the boiling-point were 
markedly different from those of the majority of substances. It seemed probable, 
therefore, that the discrepancies were related to this difference in the value of the 
slopes, and that if the temperatures of comparison were chosen so as to eliminate this 
difference better relationships might be obtained. This idea led to the adoption of 
temperatures of equal slope as comparable temperatures, and indeed apart altogether 
from considerations such as the above, which refer to the particular case of viscosity, 
much may be said from a theoretical point of view in favour of employing such 
temperatures for physico-chemical comparisons in general. To begin with, at the 
temperature of equal slope, the effect of temperature upon the property examined is 
the same for different substances. In the case of viscosity, for instance, drj/dt, or the 
rate at which viscosity is being altered by the temperature, has the same value for all 
the liquids, and this equality might be taken as sufficient justification for supposing 
that at temperatures of equal slope the substances, so far as viscosity is concerned, are 
iu comparable states. Another argument which may be advanced in favour of such a 
method of treatment is that the comparable temperatures are chosen by means of a 
study of the effect of temperature on the property actually examined. The main 
objection which can be urged against the boiling-point as a comparable temperature 
even when, as in the case of such a property as density, it gives comparatively definite 
stoichiometric relationships is that these relationships may not be general. If a 
pressure other than the atmospheric is employed at which to determine the boiling- 
point and density the relationships initially obtained may no longer hold. Whether 
they hold or not can only be decided by a study, not only of the effect of temperature 
on density, the property under consideration, but also of the effect of temperature on 
vapour pressure, a property which, at first sight at least, need not be connected with 
density. If, however, comparable temperatures be chosen, as in the case of slope, by 
a study of the property considered, the generality of the relationships obtained can 
be ascertained without the study of other properties of the substances. Moreover it 
is possible to devisp a system of choosing slopes such that the relationships obtained 
at any series of slopes chosen in this way shall be the same as those obtained at any 
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other aeries of slopes, provided that the method of choosing is the same throughout. 
This last point is treated in detail at a later stage. 

The comparisons about to be given are made at temperatures at which dij/dt is the 
same for the different liquids. Or graphically, the temperatures may be defined as 
those corresponding with points on the viscosity curves at which tangents are 
equally inclined to the axes of coordinates. The temperatures are therefore those at 
which temperature is exercising the same effect on viscosity, and for shortness may 
be termed temperatures of equal slope. 

The temperatures were obtained by means of Slotte’s formula. 

On differentiating the formula in the shape 


c 

V ~ (a + t)* 


we obtain — 


drj _ nc 

eft ~ (a + 0" +1 ' 


On choosing a particular value of — drj/dt, say S, values of t corresponding with 
this value of the slope were deduced from the equation 


t = (nc/S) 1/<# + 1> - a, 


or 


log (a + t) = 


log nc — log S 

n + 1 


Slopes at which Comparisons were made. 

The first point to decide was what particular value of the slope should be 
employed. It was apparent from the shape of the curves that all the liquids could 
not be compared at any one value of the slope, because the effect of temperature on 
viscosity varied so much from substance to substance. In some cases, the whole of 
the alcohols for example, the slope at the boiling-point was considerably greater than 
that at 0° in the case of some of the less viscous liquids. 

The question then resolved itself into choosing, in the first instance, a slope at 
which the viscosity of as many liquids as possible might be compared. From a study 
of the curves the particular value fixed upon was S = '0000323, which happens to 
be the value possessed by methyl iodide at its boiling-point. 

Comparisons were then made at the slope '0000987, which was chosen in order 
that the liquids which could not be included at the smaller slope might be compared 
with as large a number as possible of the other liquids. 

The values of the temperature at these slopes, and of the specific molecular areas 
and specific molecular volumes for the various liquids are given in the appendix. The 
following tables contain the various viscosity magnitudes at this system of comparable 
temperatures for as many liquids as could be compared at each value of the slope. 
In some cases the curves have had to be extrapolated for a short distance beyond 
the ordinary range from 0° to the boiling-point. 
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Viscosity Coefficients at Slope *0 4 323. 
(r) in dynes per sq. centim. X 10 s ), 

Homologues. 





*/• 

Difierence, 

Pentane. 

299 

19 

Hexane. 

818 

12 

Heptane.. . 

330 

6 

Octane. 

336 


Isopentane. 

286 

26 

Isoliexane. 

312 

10 

Isoheptane.. 

322 


Isoprene. 

295 

9 

Diallyl. 

304 


Methyl iodide. 

399 

5 

Ethyl iodide. 

404 

3 

Propyl iodide. 

407 

Isopropyl iodide ....... 

390 

14 

Isobutyl iodide. 

404 

Ethyl bromide. 

368 

4 

Propyl bromide. 

372 


Isopropyl bromide. 

353 

7 

Isobutyl bromide. 

360 


Ethylene bromide. 

455 

—14 

Propylene bromide. 

441 


Isopropyl chloride ...... 

317 

14 

Isobutyl chloride ....... 

831 


Methylend chloride. 

372 

'■ * ' 

Ethylene chloride, . . . . . 

377 

























BETWEEN THE YI8C0SITY OF LIQUIDS AND THEIR CHEMICAL NATURE. 625 


Homologues (ooutinued). 


Methyl sulphide 
Ethyl sulphide. 


Dimethyl ketone . . 

Diethyl ketone. . . 
Methyl ethyl ketone . 
Methyl propyl ketone 


Formic acid 


n • 


Difference. 


335 


346 


( 6 ) 


329 

343 


(7) 


330 


14 


344 


373 


Acetic acid . . . 

Propionic acid . . 

Butyric acid. . . 

Acetic anhydride . 
Propionic anhydride 

Benzene .... 
Toluene .... 
Ethyl benzene . . 


370 

390 


3 

20 


- 11 


379 

378 

379 


( 1 ) 


330 

354 

367 


24 

13 


At this condition of comparison the effect which an increment of CH 3 in chemical 
composition exerts on the magnitude of rj varies within much narrower limits than 
when the boiling-point is used as the temperature of comparison. With the exception 
of the adds, which are still peculiar, and the dibromides, the effect in all cases is 
positive, and, in general, diminishes as the series is ascended. The large differences 
which exist at the boiling-point between the lowest members of series have now dis¬ 
appeared 

The paraffins have no longer almost the same constants, but have values which 
vary regularly with the molecular weight. With the exception of propionic acid, the 
acids and anhydrides, which at the boiling-point had values which differed considerably 
from each other, have now practically the same viscosity coefficients. 

yhe alcohols, as already stated, cannot be compared at this particular value of the 
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slope. This is significant as indicating that even at this new condition of comparison 
the behaviour of the alcohols, as at the comparable temperatures already employed, 
is anomalous. 

Corresponding Compounds. 



Iodide. 

Bromide. 

Chloride, 

| Acid. 

Alcohol. 


V • 

Diff. 

V* 

Diff. 

V' 

Diff. 

*1- 

.. 

Diff. 

n- 

Methyl. 

Ethyl .. 

399 




• t 

26 

873 

109 

290 

404 

36 

368 

, . 

, , 

34 

370 



Propyl. 

Butyl. 

407 

35 

372 

42 

330 

17 

390 



•• 

• • 

• • 

• * 

*• 

i * • 

379 



Isopropyl. 

Isobutyl. 

390 

87 

353 

36 

317 

! 

i 




404 

44 

360 

29 

331 

j 

26 

378 



Ally!. 

406 

35 

371 

43 

328 





Ethylene. 

•• 

•• 

455 

1 

(39) j 

377 

| 



1 


Corresponding iodides, bromides, chlorides, and acids now give constants which are 
closely related to one another. The large discrepancies given at the boiling-point by 
the lowest acids have now disappeared, and in all cases the differences between 
corresponding members of two different series of compounds are much more nearly 
constant, the largest variations being given by the acids. 

An iodide has, on the average, a coefficient which is 37 units greater than that 
of the corresponding bromide. Practically, the same average difference, 38, exists 
between corresponding bromides and chlorides. Here, the difference in -q is strictly 
proportional to the difference in molecular weight. The difference between an iodide 
and an acid, 26, on the average, though uniform, is not so large as that between 
an iodide and a bromide, viz., 37, although the differences in the theoretical molecular 
weights are respectively 106 and 47. This indicates that in general if is not a 
simple function of theoretical molecular weight. Methyl alcohol, the only member 
of the alcohol series which could be included at slope *0 4 328, gives a value considerably 
below that of methyl iodide or formic acid, the difference being in the direction of 
the change in molecular weight but showing no proportionality. Here, as with 
homologues, the relationships are much more regular than at the boiling-point. 




■1 
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V , 

Normal Propyl and AUyl Compounds* 



Normal propyl. 

Difference, 

Allyl. 

V • 

7‘ 

Hydrocarbons. 

318 

(7) 

804 

Iodides. 

407 

1 

406 

Bromides.. 

372 

1 

371 

Chlorides. 

330 

2 

328 


Ethylene and Acetylene Bromides. 



Ethylene. 

Difference. 

Acetylene. 

7* 

7* 

Bromide^. 

455 

i 

—8 

463 


Here again, is a decided regularity; the coefficient of the propyl compound is 
uniformly larger, and the difference tends to increase as the molecular weight decreases, 
the iodides exhibiting the smallest, and the hydrocarbons the largest differences. 

In the case of ethylene and acetylene bromides, where the molecular weights are 
higher than in the case of the iodides, the difference for the loss of a double linkage 
and the addition of H 2 has become negative. At the boiling-point this difference 
was in no way comparable with that of normal propyl and allyl compounds. 


Isologous Hydrocarbons. 


w. 

Oj|Hg» + 5}. 

c„h 2 „. 

' 

C.H,..,, 

Diff. 

7* 

Diff. 

7 - 

Diff. 

7 * 

5 

299 

— 12 

311 

4 

295 



6 

318 


* • 

14 

304 

-12 

330 

7 

330 

• » 

» * 


, , 

-24 i 

354 

8 

336 

t ♦ 

i 

1 ** 

• • 

-31 

367 


On passing from pentane to amylene the viscosity rises by some 12 units. When, 
however, by the loss of four hydrogen atoms the corresponding paraffin passes into 
isoprene or diallyl the viscosity falls, the fall increasing with the molecular weight. 
Constitution here evidently comes into play. An aromatic hydrocarbon has a 
coefficient which is greater than that of the corresponding paraffin by an amount which 

4 L 2 
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increases with increase of molecular weight ,* the differences now vary within much 
narrower limits than at the boiling-point. 


Substitution of Halogen for Hydrogen. 



CnHgftBrg. 

DifE. 

C»Hj« +1 Br. 

Chloraethanes. 


Diff. 


7• 

7- 


2 

453 

87 

368 ! 

j 

Methylene chloride. . 

872 

16 

-11 

8 

441 

69 

372 

Chloroform .... 

388 

4 Iso 

426 

66 

360 

Carbon tetrachloride . 

877 



The conversion of a monobromide into a dibromide is accompanied by a marked 
rise in viscosity, which is less the higher the molecular weight. 

On the conversion of dichlormethane into the tri- and tetra-chlor compounds the 
change is very slight. As, however, the results for chloroform and carbon tetra¬ 
chloride are extrapolated, the small difference may be due to errors thus introduced. 


Compounds differing by one Carbon Atom. 



7• 

Difference. 


7* 

Difference. 

Tetrachlormethane . . 

Tetrachlorethylene . . 

377 

446 

69 

Methyl alcohol . . . 

Aldehyde. 

290 

316 

26 


The differences here obtained are now far removed from one another, no doubt for 
the reason given in the case of these comparisons at the boiling-point. 

Isomers. 


Normal and Iso Compounds. 



Normal. 

Difference. 

Iso. 



Pentanes. 

299 

13 

286 

Hexanes. 

318 

6 

812 

Heptanes ...... 

330 

8 

322 

Propyl iodides. . . . . 

407 

17 

390 

Propyl! bromides .... 

372 1 

19 

333 

Propyl chlorides . « . 

330 j 

18 

817 

Butyric acids 

379 

1 

878 

i 1 . 
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Normal compounds have higher values than the corresponding iso-compounds. The 
small difference for the butyric acids may be the result of molecular complexity. 


Aromatic Hydrocarbons. 


V* Difference. 


Ortho-xylene. 

372 

Ethyl benzene. 

367 

Meta-xylene. 

368 

Para-xylene. 

360 


Of the four isomeric C 8 H 10 substituted benzenes, ortho-xylene has decidedly the 
largest coefficient, and para-xylene the lowest coefficient, whilst meta-xylene and 
ethyl benzene have intermediate and almost identical values. 


Isomeric Ketones. 


1 

7* 

Difference. 

Diethyl ketone.... 

. . . . 

343 

1 

Methyl propyl ketone . 

. . . , 

344 


The isomeric ketones give identical coefficients, the effect of constitution being 
apparently inoperative, probably for the reason already given. 

Dichlorethanes. 



7 - 

Difference. 

Ethylene chloride. 

37 7 

-22 

E thyli dene chloride. 

355 



The isomeric dichlorethanes give values which differ widely, the symmetrical com¬ 
pound being the more viscous. 
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Viscosity Coefficients at Slope '0*987. 

(i) in dynes per sq. oentim. X 10 s .) 

As already stated, it was impossible to compare all the liquids at the same slope. 
Hie previous comparisons made at the slope '0*823 include all the liquids except 
bromine and the alcohols. The next step was to choose another value of the slope so 
that these outstanding liquids might be included in the comparison. In the case of 
the alcohols, the slope, even at the boiling-point, has a value which is larger than that 
given by many of the liquids at the lowest temperatures of observation. Obviously, 
therefore, in order that as many compounds as possible might be compared with the 
alcohols, the smallest possible value of the slope at which the alcohols could be com¬ 
pared had to be chosen. The value which satisfied this condition was '0*987, which 
happens to be the value possessed by isopropyl alcohol at its boiling-point. Besides 
the alcohols, it was found that 83 of the liquids, which were compared at slope '0 4 323, 
could be compared at this new value of the slope, and the first point to decide was 
whether the same relations existed between the magnitudes of the various viscosity 
constants at this new value of the slope as we had established at the previous value. 
This point was easily ascertained in the following way:— 

On finding the value of the ratio, 

Viscosity coefficient at slope ~0 4 987 
Viscosity coefficient at slope '0*323 ’ 

a number was obtained which was practically the same for all the 33 liquids, The 
mean value of the ratio was 2'03 ; the average divergence from the mean being '036, 
or about 1*7 per cent. 

Making due allowance for experimental errors, and especially for imperfections in 
Slotte’s formula, the constancy of the ratio is satisfactory, as it shows that the 
relationships established between the viscosity coefficients at slope '0*323 remain 
practically the same at slope '0*987, and indicates that the method of comparison is a 
general one, and is independent of the particular value of the Blope at which the com¬ 
parisons are made. 

It is also noteworthy that the acids and water, the complexity of which is 
supposed to increase as temperature falls, give values of the ratio which do not 
differ more widely from the mean ratio than the values given by other types of 
substances such as the dibromides. 

The values given by the alcohols and bromine which, of course, could not be 
compared at slope ’0*323, are given below:— 
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Difference. 

Bromine. 

953 ‘ 


Methyl alcohol. 

650 

—46 

Ethyl alcohol. 

606 

-46 

Propyl alcohol. 

560 

15 

Butyl alcohol. 

575 


Isopropyl alcohol. 

490 

35 

Isobutyl alcohol. 

525 

49 

Inactive amyl alcohol. 

574 


Trimethyl carbinol. 

461 

| 29 

Dimethyl ethyl carbinol .... 

490 


Tn the case of the primary alcohols, the table shows that up to propyl alcohol a 
rise in molecular weight is accompanied by a fall in the viscosity coefficient, but for 
all other higher alcohols a rise in molecular weight is accompanied by an increase in 
the coefficient. The alcohols, therefore, differ from most other homologous series 
where the value of CHjj is positive, and tends to diminish as the series is ascended. 


Conclusions relating to Viscosity Coefficients at Equal Slope. 


1. It is evident, from the foregoing comparisons, that temperatures of equal slope 
tend to reveal much more definite relationships between the values of the viscosity 
coefficients and the chemical nature of the substances than were obtained at the 
boiling-points. 

2. In all homologous series, with the exception of those of the alcohols, acids, and 
dichlorides, the effect of CH S on the value of the coefficient is positive and tends to 
diminish as the series is ascendqd. 

3. Of corresponding compounds, the one of highest molecular weight has the 
highest coefficient. 

4. Normal propyl compounds have slightly larger coefficients than the corresponding 
allyl compounds. 

5 A.n iso compound has invariably a larger coefficient than a normal compound. 

6. In the case of other isomers, the orientation of the molecule and branching of 
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the atomic chain influence the magnitudes of the coefficients. Similar effects of 
constitution are also exhibited on comparing saturated and unsaturated hydrocarbons, 
and the variable effects produced by successive substitution of halogen for hydrogen. 

7. The alcohols, and to some extent the adds, still give results which are peculiar 
when compared with those of the other substances. 


Molecular Viscosity (i j x specific molecular area = ipP) IK dykes per 

sq. oentim. X 10 4 at slope 0 4 328. 

(v) in dynes per sq. centim. X specific molecular area in sq. centims. X IQ 4 .) 

Homologubs. 



yd?. 

Difference. 

Pentane. 

687 

131 

Hexane. 

818 

113 

Heptane .. 

931 

104 

Octane . . . . ,. 

1036 


Isopentane. 

663 

136 

Isohexane. 

799 

109 

Isoheptane .. 

908 


Isoprene. 

620 

108 

DiaUyl. 

728 


Methyl iodide .. 

638 

140 

125 

Ethyl iodide .. 

778 

Propyl iodide. 

903 

Isopropyl iodide. 

878 

132 

Isobntyl iodide. 

1010 


Ethyl bromide. 

663 

111 

Propyl bromide. 

774 


Isopropyl bromide. 

760 

127 

Isobntyl bromide. 

877 

Ethylend bromide. 

973 

95 

Propylene bromide ....... 

1068 
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HomoJogues (continued). 



i/d 3 . 

Difference* 

Isopropyl chloride. 

644 

116 

Isobntyl chloride. 

760 


Methylene chloride. 

600 

137 

Ethylene chloride. 

737 


Methyl sulphide. 

578 

(117) 

Ethyl sulphide .. 

812 

Dimethyl ketone. 

572 


785 

(107) 

Diethyl ketone. 

Methyl ethyl ketone. 

671 

125 

Methyl propyl ketone. 

796 


Formic acid. 

456 

137 

Acetic acid. 

598 

149 

Propionic acid. 

742 

100 

Butyric acid. 

842 


Acetic anhydride. 

838 

(99) 

Propionic anhydride. 

1036 


Benzene. 

688 

133 

Toluene. 

821 

118 

Ethyl benzene. 

939 



It is evident from the table that the effect of an increment of CH 2 in chemical 
composition on the molecular viscosity is here much more definite than at the boiling- 
point. Although the numbers show that the effect apparently slowly diminishes as 
each homologous series is ascended, yet it may be taken as a first approximation that 
the effect of CH 8 is about the same in all the homologous series investigated. The mean 
difference for OH* is about 120 units, the largest differences from the mean being in 
MDOOCXCIV.—A. 4 M 
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the cases of the acids, the dibromides, and the anhydrides. In the case of the 
dibromides an unsymmetrieal compound is compared with a symmetrical oompound, so 
that the value for CH S is probably affected by constitutive influences, and, as regards 
the anhydrides, the unsatisfactory character of the propionic anhydride may be the cause 
of the smallness of the difference. It is significant that the differences given by 
homologous acids, although irregular, are not very far removed from those given by 
other series of homologues. 


Corresponding Compounds. 



Iodide. 

Bromide. 

Chloride. 

Acid. 

Alcohol. 

v d*. 

Diff. 

V d *. 

Diff. 

yd*. 

! 

j Diff. 

i 

yd*. 

Diff. 

yd?. 

Methyl. 

638 




• « 

182 

456 

280 

358 

Ethyl. 

778 

iis 

663 

,, 

♦ t 

185 

593 



Propyl. 

903 

129 

774 

116 

658 

161 

742 



Butyl. 

•• 



•• 

1 • 

* * 

842 



Isopropyl .... 

878 

128 

750 

106 

644 





Isobufcyl. 

1010 

133 

877 

117 

760 

167 

843 



Allyl. 

864 

130 

734 

117 

617 





Ethylene .... 

•• 

j 

i 

973 

j (118) 

737 

1 





Here it is seen that an iodide has on the average a molecular viscosity which is 
about 127 units larger than that of the corresponding bromide. 

A bromide gives a molecular viscosity which, on the average, is 115 units greater 
than that of the corresponding chloride, the average difference from this mean value 
being only some 3 units. An iodide has, on the average, a molecular viscosity which 
is 174 units greater than that of the corresponding acid. Methyl alcohol has a mole¬ 
cular viscosity which is also considerably lower than that of methyl iodide. It is, 
therefore, evident that the corresponding compound of higher molecular weight has 
the higher molecular viscosity, and where two series of corresponding compounds, the 
fatty acids included, can be compared, the differences obtained are approximately 
equal. 
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Normal Propyl and Allyl Compounds. 



Normal propyl. 

Difference* 

Allyl. 

ffCP. 


Hydrocarbons 

818 

(45) 

728 

Iodides. 

903 

39 

864 

Bromides. 

774 

40 

734 

Chlorides. 

658 

41 

617 


Ethylene and Acetylene Bromides. 



Ethylene 


Acetylene. 

Bromides. 

973 

41 

932 


It is evident that a normal propyl compound has a molecular viscosity which is, on 
the average, 41 units greater than that of the corresponding allyl compound. It is 
further indicative of the comparatively definite quantitative relations here exhibited 
that the difference between the molecular viscosities of ethylene and acetylene 
bromides, which are related in the same way as a normal propyl compound is to an 
allyl compound, is also 41 units. 


Isologous Hydrocarbons. 


». 


C-Han. 

C»H 

2 * — 3 * 

C„H 


v <p. 

Difference. 

v d*. 

Difference. 

fjdr. 

Difference. 

yd?. 

5 

687 

22 

665 

67 

620 



6 

818 

• * 


90 

728 

130 

688 

7 

931 

* • 



, , 

110 

821 

8 

1035 

• # 

•• 

I 

• • 

96 

939 


Loss of hydrogen is always attended by a fall in molecular viscosity. On comparing 
two Beries of corresponding hydrocarbons, the differences, although not quite 
constant, vary within comparatively narrow limits ; in the case of the aromatic hydro¬ 
carbons and the paraffins, the differences vary in a regular way, and diminish with 
rise in molecular weight. It is also evident that the removal in succession of two 
hydrogen atoms from a saturated hydrocarbon brings about a variable decrement in 
viscosity. 


4 M 2 
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Substitution of Halogen for Hydrogen. 


Bromine for hydrogen. 

Chlorine for hydrogen. 


C»Hg*Br 2 . 

Diff. 

CJnHgwq. jBr. 

Chi oromethanes. 

Ml 

Difference. 

tf(P. 





IH 


2 

973 

310 

663 

Methylene chloride . . 

600 

147 

3 

1068 

294 

774 

Chloroform. 

747 

107 

4 (Iao) 

1171 

294 

877 

Carbon tetrachloride 

854 


On converting a monobromide into the corresponding dibromide, the viscosity rises 
by an amount which is approximately constant and equal to 300 units. If, however, 
the hydrogen atoms present in the same molecule be substituted in succession by 
chlorine, it is evident from the comparisons given that the effect diminishes as the 
number of chlorine atoms in the molecule increases. 


Compounds differing by a Carbon Atom. 




Difference. 


yd*. 

Difference. 

Tetrachlormethane . . 

Tetrachlorethylen©. . . 

854 

1032 

178 

Methyl alcohol .... 

Aldehyde . 

358 

448 

90 


The different values given by the two comparisons may partly be due to the fact 
that the effect of the linkage of carbon atoms among themselves is different from 
that of a carbon atom to an oxygen atom, and partly to the effect of the molecular 
complexity of methyl alcohol. 
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Isomers. 


Normal and Iso Compounds. 



Normal, 

Difference. 

Iso. 


yd*. 

Pentanes. 

687 

24 

663 

Hexanes. 

818 

19 

799 

Heptanes. 

931 

23 

908 

Propyl iodides. 

903 

25 

878 

Propyl bromides. 

774 

24 

750 

Propyl chlorides. 

668 

14 

644 

Butyric acids. 

842 

- 1 

843 


With the exception of the butyric acids, which of those given above are probably 
the only liquids containing molecular aggregates, the normal compound has distinctly 
the higher molecular viscosity. In the case of the halogen compounds, the differences 
diminish with the fall in molecular weight; in the paraffins, however, there is no 
regularity in the variation of the differences. 

It may thus be assumed, as a first approximation, that the average effect of the 
iso mode of grouping is constant and operates so as to diminish the molecular 
viscosity by about 21 units. 


Aromatic Hydrocarbons. 



V (1K 

Difference. 

Ortho-xylene. 

954 

—15 

Ethyl benzene. 

939 

. 

0 

Meta-xylene. 

939 

— 16 

Para-xylene. 

923 

: 

' 


Of the four isomeric hydrocarbons, ortho-xylene has the largest, and para-xylene 
the lowest molecular viscosity. Ethyl benzene and meta-xylene give identical 
numbers, which are almost the mean of those of ortho- and para-xylene. 
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Dichlorethanes. 



v<P- 

Difference. 

Ethylene chloride. 

Ethylidene chloride. 

737 

702 

i 

-36 

1 


The symmetrical compound has here decidedly the larger value. 

Isomeric Ketones. 



i/d 3 . 

Difference. 

Diethyl ketone. 

Methyl-propyl ketone .... 

785 

796 

11 


Here the unsymmetrical compound, probably for the reason already given, has the 
larger molecular viscosity. 

Quantitative relations fairly definite in character are thus exhibited in the preceding 
tables between the magnitudes of the molecular viscosities. 

The tables of homologous and corresponding compounds show that molecular weight 
exerts an approximately regular effect, and the comparisons of normal and iso com¬ 
pounds, and of propyl and allyl compounds, indicate that the effect of constitution can 
also in some cases be quantitatively estimated. 

We have, therefore, attempted to ascertain if molecular viscosit}' can be expressed 
as the sum of partial effects which may be ascribed to the atoms and to the modes of 
atom linkage which occur in the molecule. The details of the method of calculation, 
which is the same as that employed in the case of the comparisons at the boiling- 
point, are given in what follows. 

Method oi Deducing the Fundamental Viscosity Constants (Molecular 

Viscosity at Slope *0 4 323). 

Value o/CH 8 . 

From the table of hotnologues the mean of the twenty-three values for the effect of 
CH 8 is 120. Neglecting signs, the average difference from the mean is 12. It is 
therefore assumed that 


CH 8 = 120. 
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Influence of the Iso grouping. 

Neglecting, for reasons already given, the butyric acids, the six available compari¬ 
sons give 21 as the amount by which the molecular viscosity of a normal compound is 
greater than that of the isomeric iso compound. The mean difference from this value, 
negl ec ting signs, is about 3. It is therefore assumed that the value of the iso 
grouping is _ ^ 


Value of Hydrogen. 

On deducting the value of nCH 2 from the observed molecular viscosity of a normal 
paraffin C,Hj, + j, a value is obtained for the effect of H 2 . 

On using the above measure of the effect of the iso mode of linkage, iso paraffins 
may also be included in the comparison. The available data are as under : 




CnHgw+j. 

nCH 2 (calc.). 

H*. 


n. 

yd?, (obs.). 

Normal paraffins . . 

Iso paraffins . . . . ^ 

5 

6 

7 

8 

5 

6 

7 

687 

818 

931 

1035 

663 

799 

908 

600 

7*20 

840 

960 

579 

699 

819 

87 

98 

91 

75 

84 

100 

89 

Mean value of H g = 89. 


Neglecting signs, the average divergence from this value is 7 . 


assumed that 


H = 445 


It is therefore 


Value of Carbon. 

From the two equations 

CH 3 = 120, H, = 89, 

it follows, on the assumption that the effect of CH 2 is additively composed of those of 
carbon and hydrogen, that the effect on the molecular viscosity of an atom of carbon 
may be taken as 


0 = 81. 
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Influence of Double Linkage. 

The four available comparisons show that the molecular viscosity of a normal propyl 
compound is 41 units larger than that of the corresponding allyl eompound. The 
average difference from this mean value is less than 2. The value is exactly the same 
as that brought about by the change of ethylene into acetylene bromide. This value 
corresponds with the addition of H 2 and the loss of a double linkage of carbon 
atoms. Consequently if we take the value of H 2 as 89, we may assume that a double 
linkage of carbon atoms increases the molecular viscosity by 48 unita 

The iso linkage of carbon atoms, as already seen, exercises an opposite effect to 
the extent of 21 units. 


Values of the Halogens. 

Adopting the values H = 44'5, C = 31, iso linkage = — 21, double linkage = 48, 
the values of the carbon-hydrogen “rests” in the molecules of the various haloid 
compounds may be calculated, and the atomic effects of the halogens may in this way 
be obtained; the data are given in the following tables :— 


Value of Iodine. 



Iodide. 

“Rest” 

(calculated). 

I. 

yd? (observed). 

Methyl. 

638 

164 

474 

Ethyl. 

778 

284 

494 

Propyl. 

903 

404 

499 

Isopropyl. 

878 

383 

495 

Isobutyl . 

1010 

503 

507 

Allyl. 

864 

363 

501 

Adopted value for I = 

499. 



The value for methyl iodide, the lowest member of the series, varies so much from 
the closely concordant numbers given by the other iodides that it is omitted in taking 
the mean. With this omission, which will be referred to subsequently, the average 
divergence from the mean is about 4 units. 













Values of Bromine. 


4 

Bromide. 





“Rest” 

Br. 



(calculated). 


yd? (observed). 



IMyl. 

663 

284 

379 

Propyl . 

774 

404 

370 

Isopropyl. 

Iaooutyl. 

750 

877 

383 

503 

367 

374 

Allyl. 

734 

363 

371 

Ethylene ........ 

973 

240 

(367) 

Propylene. 

1068 

360 

(354) 

Isobutylene. 

1171 

459 

(356) 

Acetylene. 

932 

199 

(367) 


In monohalogen compounds bromine has thus the value of 372, the mean divergence 
from this value being about 3. 

In dihalogen compounds, however, bromine would appear to have a slightly lower 
value, viz., 361, with a mean divergence of 6. 

Values of Chlorine. 



Chloride. 

yd 2 (observed). 

“ Rest ” 
(calculated). 

Cl. 

Propyl . 

658 

404 

254 

Isopropvl . 

644 

383 

261 

Isobutyl . .. 

760 

503 

257 

Allyl. 

617 

363 

254 

Ethylene. 

737 

240 

(248) 

Methylene ....... 

GOO 

120 

(240) 

Chloroform. 

747 

76 

(224) 

Carbon tetrachloride .... 

854 

31 

i 

(206) l 

Carbon dichloride. 

* 1032 

no 

(230) 

.........,.. .... 

-u - 

_ . -- 

-- 


In Saturated as well as unsaturated monohalogen compounds chlorine seems to 
have the value 256, the mean divergence being about 2 units. 

For the two dihalogen compounds the number obtained is 244 ; from the trihalogen 
compound it is 224, and from the tetrahalogen compound 206 ; the value which may 
thus be ascribed to chlorine becomes less and less as ohlorine accumulates in the mole¬ 
cule. In the unsaturated tetrahalogen compound, using the ordinary values of C and 
of a double linkage, the number obtained is 230, which is nearer that deduced from 
chloroform than from carbon tetrachloride, and is the same as the value (231) given 
by ethylidene chloride. 

MDCOCXCIV. — a. 4 x 
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* 

The values for the halogens obtained from monoderivatives are so related that the 
value for bromine, 872, is almost the mean of the values of chlorine and iodine 
viz., 877. 

Values of Oxygen . 

Carbonyl Oxygen .—On deducting the values of »CH a from the observed molecular 
viscosities of aldehyde and the ketones of the general formula C*Ha»0, the differ¬ 
ences correspond with values of carbonyl oxygen (I). 



II 

c„h 3 „o. 

nCHs 

(calculated). 

i. 

t}<P (observed). 

Dimethyl ketone. 

572 

360 

212 

Aldehyde . 

448 

240 

208 

Methyl ethyl ketone .... 

671 

• 480 

101 

Methyl propyl ketone. . . . 

796 

600 

196 

Diethyl ketone. 

785 

600 

185 

ii 

Mean value for 0 = 

198 



The average divergence from the mean is about 9 units. The mean value is 
no doubt affected by constitutive causes, as aldehyde is not strictly comparable with 
the ketones, and the isomeric ketones do not give identical molecular viscosities. 
Moreover, acetone appears from surface-energy measurements to contain molecular 
aggregates. These effects are apparently small, however, and in a first approxi¬ 
mation may be ignored. 

Hydroxyl Oxygen .—On deducting nOH 2 from the observed molecular viscosities 

of the acids C„H 2 „00, values are obtained for the joint effect of an atom of car¬ 
bonyl and an atom of hydroxyl oxygen in these compounds. 


i 

j Acids. 

»OH s 

(calculated). 

U 

yd? (observed). 

Formic acid. 

456 

120 

336 

Acetic acid. 

593 

• 240 

353 

Propionic acid ...... 

742 

360 

382 

Butyric acid. 

842 

480 

362 

Jsobntync acid. 

843 

459 

384 

u\/ 

Mean value of O O = 

364 
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Formic acid, the initial member of the series, presents the greatest divergence 
from the mean value, and the numbers on the whole are not so uniform as those 
given in previous comparisons, the average difference from the mean being 16 units. 
It is probable that the cause of these deviations is to be sought in differences in the 
molecular complexity of the acids. 

From the relations 




= 198 it follows that the value of hydroxyl oxygen may be 


taken as 

\/ 

0 = 166. 

Ether Oxygen .—The study of several of the physical characters of substances, more 
especially their optical properties, has indicated that an oxygen atom, when linked to 
two carbon atoms, exercises an effect on the magnitude of a physical property which is 
different from that exerted when it is in the condition of carbonyl oxygen or hydroxyl 
oxygen. The number of compounds available to ascertain if such a difference exists 
in the case of the viscosity constants is hardly sufficient to warrant any definite con¬ 
clusion as to the absolute magnitude of the effect so exerted. Using the values of C, 


H, and 6, and the observed numbers for acetic anhydride and ether, the mean value 
58 is obtained for ether oxygen. So far as the data go, it would appear that 
ether oxygen, or oxygen linked to two carbon atoms, which may be represented as 
0<, has an extremely small value as compared with that of oxygen in a carbonyl 
group, or with that of hydroxyl oxygen as deduced from the acids. 

If such differences are confirmed by more numerous observations, viscosity will 
rank as one of the most useful properties in determining the constitution of oxygen 
compounds. The values obtained for oxygen in different conditions are :— 


Carbonyl oxygen . ... 0 = 198 
Hydroxyl oxygen . . . . O =166 
Ether oxygen.0< = 58 


\/ 


It is, of course, to be remembered here that the value of O as it is derived from the 
acids is no doubt affected by molecular complexity. 


Value, of Sulphur. 

Only two compounds are available for the estimation of the atomic value of 
sulphur S which is singly linked to two carbon atoms. 


4 3$ 2 
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Sulphide. 

yd? (observed). 

“Rest” 

(calculated). 

r ■ ..-.. ... 

Y 

Methyl.. 

578 

329 

249 

Ethyl.. 

812 

569 

243 


Mean value of S — 246. 


Influence of Ring-grouping. 

HorstmAnn’s discussion of the specific molecular volumes of liquids seems to show 
that in aromatic compounds the ring-grouping of atoms exerts a marked influence. 
On the other hand, Bruhl concludes that, so far as refraction and dispersion con¬ 
stants go, there is no indication of this effect. Bbuhl assumes, however, that three 
double linkages occur in the benzene nucleus. 

The data to test this point in connection with the viscosity constants are but 
scanty, and, further, four of the aromatic compounds—the methyl toluenes—are 
isomers, each having a different viscosity magnitude. 

Since the value of CH 2 deduced from homologous aromatic hydrocarbons agrees 
with the values given by other homologous series, in the present state of the question 
it may be assumed that carbon and hydrogen have the same values in these com¬ 
pounds as they have in the others. In the following table the “rests" are calculated 
from the previously found values for carbon and hydrogen on the assumption that 
the constitution is the same as in an open straight chain compound. The differences 
in the last column represent the excess of the observed molecular viscosities over the 
values thus calculated, and may be taken as measures of the effect of the ring¬ 
grouping of atoms. 



(observed) 

“ Rest ” 

(calculated). 

Ring-grouping. 

Benzene. 

688 

453 

235 

Toluene ........ 

821 

573 

248 

Ethvl benzene. 

Ortno-xylene. 

939 i 

693 

246 

954 

693 

261 

Meta-xylene. 

939 

693 

246 

Para-xylene ....... 

923 

693 

230 


Mean value for ring-grouping = 244. 
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Probably the first three hydrocarbons alone are comparable with one another as the 
xylenes contain two side chains. The general mean value is, however, almost the 
same as that deduced from the first three, as the meta-isomer gives almost the mean 
value, and the values of the ortho- and para-isomers lie to about the same extent on 
either side of the mean. Making due allowance for constitutive effects, it is evident, 
therefore, that the peculiar structure of aromatic compounds exercises an approxi¬ 
mately constant and a most marked effect on their molecular viscosities, which are 
larger by some 244 units than the amounts calculated in the way already indicated. 

The calculated increase, which would be brought about by three double linkages, is 
144 units, so that the observed differences have to be sought for in some additional 
structural effect which acts in the same sense as double linkage inasmuch as it 
increases the molecular viscosity. The whole effect may at present be termed that 
of the ring-grouping of atoms, no assumption being made as to whether or not 
double linkage participates in bringing it about. 

Thiophen gives the value 151 for the same kind of effect; 

rjil\ “ Rest.” Ring-grouping. 

Thiophen 699 548 151. 

The effect produced by two double linkages is 96. 

The fundamental constants thus obtained are given below. 


Fundamental Viscosity Constants. (Molecular Viscosity at Slope '04323.) 


Hydrogen . 

. . . . 

H 

445 

Carbon. . . 

.... 

c 

31 



\ / 

166 

Hydroxyl-oxygen. 

C—0—H 

0 

Etber-oxygen. . . . i . . . 

C — 0 — c 

0< 

58 

Carbonyl-oxygen . 

0=0 

II 

0 

Y 

198 

Sulphur. . 

c—s-c 

246 

Chlorine (in monochlorides) . 


Cl 

256 

Chlorine (in dichlorides) . . 


Cl’ 

244 * 

I 

Bromine (in monobromides) . 


Br 

372 

Bromine (in dibromidea). . . 


Br' 

361 

Iodine .. 


I 

499 

Iso grouping .. 


< 

- 21 

Double linkage . 


1 (»> : 

48 

Ring-grouping . 

.... 


244 
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The following tables show the numbers calculated by means of these constants, 
together with those actually observed :— 


Molecular Viscosity at Slope '0*323. 



Observed. 

Calculated, 

Difference 
per cent. 

Pentane. 

687 

689 

-0-3 

Hexane. 

818 

809 

n 

Heptane. 

931 

929 

02 

Octane. 

1035 

1049 

— 1*3 

Isopentane. 

663 

668 

-07 

Isohexane . 

799 

788 

1*4 

Isolieptane. 

908 

908 

00 

Isoprene. 

620 

607 

21 

Diallyl. 

728 

729 

- 01 

Methyl iodide. 

638 

664 

- 40 

Ethyi iodide. 

778 

784 

-0-8 

Propyl iodide. 

903 

904 

-01 

Isopropyl iodide. 

878 

883 

■— 0*6 

Isobutyl iodide. 

1010 

1003 

0 7 

Allyl iodide. 

864 

866 

- 0-2 

Ethyl bromide. 

663 

657 

0-9 

Propyl bromide. 

774 

777 

-04 

Isopropyl bromide. 

750 

756 

- 0-8 

Isobutyl bromide. 

877 

876 

01 

Allyl bromide. 

734 

739 

-07 

Ethylene bromide. 

973 

962 

11 

Propylene bromide. 

1068 

1082 

- 1-3 

Isobutylene bromide . , . . 

1171 

1181 

-0-9 

Acetylene bromide. 

932 

921 

12 

Propyl chloride. 

658 

661 

-04 

Isopropyl chloride. 

644 

640 

0-6 

Isobutyl chloride. 

760 

760 

00 

Allyl chloride. 

617 

623 

-10 

Ethylene chloride. 

737 

728 

1-2 

Methylene chloride, .... 

600 

600 

00 

Methyl sulphide. 

Ethyl sulphide. 

i 

578 

812 

575 

815 

i/3 CO 
OO 

1 
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Molecular Viscosity at Slope - 0 4 323—(continued). 



Observed. 

Calculated. 

Difference 
per cent. 

Dimethyl ketone . 

Methyl ethyl ketone .... 
Methyl propyl ketone.... 
Diethyl ketone. 

572 

671 

796 

785 

558 

678 

798 

798 

24 
- 10 
-02 
-1-6 

Acetaldehyde. 

448 

438 

22 

Formic acid. 

•m 

456 

484 

-61 

Acetic acid. 

593 

604 

- 1-8 

Propionic acid. 

742 

724 

2'4 

Butyric acid. 

842 

844 

— 0*2 

Isobutyric acid. 

843 

823 

2*4 

Acetic anhydride. 

838 

845 

- 0-8 

Propionic anhydride .... 

1036 

1085 

— 4*7 

Ethyl ether . 

635 

627 

1*3 

Benzene . 

CS8 

697 

- 1*3 

! Toluene .- 

821 

814 

08 

Ethyl benzene . 

939 

934 

0-5 

j 

Ortho-xylene . 

954 

934 

21 

Meta-xylene . 

939 

1 934 

?-9 

Para-xylene . 

923 

934 

| ____ 

— 1*2 j 


The fifty-one compounds named in the above table give an average divergence from 
the calculated values of about one per cent. (1*13 per cent.). It is also significant 
that the largest differences are given by methyl iodide, acetone, aldehyde, and formic 
acad, which are all the initial members of homologous series. The large difference 
given by propionic anhydride, as already indicated, is probably due to impurity. 

In the following table are given the observed values of those substances which 
oould not be included in deducing the fundamental constants and the values calculated 
for these substances after making certain assumptions as to their structure. 
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Observed. 

Calculated. 

Difference 
per cent. 

Amyleoe. 

665 

627 

5-7 

Methylene dichloride .... 

600 

632 

- 5-3 

Chloroform. 

747 

843 

- 128 

Carbon tetrachloride .... 

854 

1055 

-235 

Carbon dichloride. 

1032 

1134 

- 9-9 

Ethylidene chloride .... 

702 

728 

- 37 

Carbon bisulphide. 

618 

521 

157 

Methyl alcohol. 

358 

375 

- 47 

Water. 

206 . 

255 

-23-8 


The calculated value for amylene is obtained by assuming that an iso grouping and 
a double linkage occur in the molecule. If no iso group be assumed to exist, the 
calculated value is 648, which is considerably nearer that found. According to 
Dr. Perkin, however, the sample is /3 isoamylene. 

The values for the chlormethanes are calculated from the values of carbon and 
hydrogen, and the value of chlorine in monochlorides. The comparison is given in 
order to show that os chlorine accumulates in the molecule the observed values 
differ more and more from those calculated in this manner. In a similar way the 
value for carbon dichloride, calculated on the assumption that a double linkage occurs 
in the molecule, is also far in excess of the observed value. The observed value for 
ethylidene chloride is compared with that calculated for ethylene chloride; the 
difference is due to the difference in the constitution of the two isomers. 

In calculating the value for carbon bisulphide, the value possessed by singly-linked 
sulphur in the alkyl sulphides has been used. The difference is, no doubt, due to the 
altered condition of sulphur in the bisulphide. 

The values of methyl alcohol and water are calculated by means of the value of 
hydroxyl oxygen as deduced from the acids. It is evident, especially in the case of 
water, that the observed numbers differ widely from those calculated in this way. 

As similar relationships are given by these substances when the values of the 
molecular viscosity work are compared, their behaviour will be discussed more fully 
at a later stage. 


Molecular Viscosity at Slope -0 4 987. 

(v in dynes per sq. centim. X specific molecular area in sq. centime. X 10 4 .) 

On finding the ratios of the molecular viscosities at the two slopes ’0 4 987 and 
'0 4 323, a practically constant number was obtained as in the case of the viscosity 
coefficients. Its mean value was 1'928, the average difference being -032 or 1‘66 per 
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cent. For this reason it was assumed that the fundamental constants which were 
employed at slope '04,328, if increased in the ratio of 1 : 1*928, would serve for the 
calculation of molecular viscosities at slope '0 4 987. This was the only course which 
could be taken in order to deduce fundamental constants, as the number of liquids 
was too small to enable them to be obtained in the manner already indicated. 
Fundamental constants had to be deduced in order that alcohols might be compared 
with the other liquids. The following are the values of the atomic constants at slope 
*0 4 987 calculated from the values at slope *0 4 323, on the assumption that molecular 
viscosity at the larger slope is 1'928 times that at the smaller. 


Fundamental Viscosity Constants (Molecular Viscosity at Slope -(>4,987).. 


Hydrogen.. . 

H 

86 

Carbon.. 

c 

\ / 

60 

Hydroxyl-oxygen.C—0—H 

0 

320 

Ether-oxygen.C—O—C 

0< 

112 

Carbonyl-oxygen.C=0 

II 

0 

V 

382 

Sulphur ........ C—S—C 

474 

Chlorine (in monochlorides). 

Cl 

494 

Chlorine (in dichlorides). 

Cr 

470 

Bromine (in monobromides). 

Br 

717 

Bromine (in dibromides). 

Br' 

696 

Iodine. 

1 

962 

Iso grouping. 

< 

—40 

Double linkage. 

(=) 

92 

Bing-grouping. 

© 

465 


The following table gives the comparison of the observed values with those 
calculated from the above fundamental constants :— 


4 O 


MDOOOXCIV,—A. 
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Molecular Viscosity at Slope - 0 4 987. 



Observed. 

Galonlated. 

Difference 
per cent. 

Octane. 

2055 

2028 

1-3 

Ethyl iodide. 

1494 

1510 

-1-0 

Propyl iodide. 

1734 

1741 

-04 

Isopropyl iodide. 

1714 

1701 

0'8 

Isobutyl iodide. 

1897 

1932 

-1-8 

Allyl iodide. 

1642 

1661 

-IT 

Isobntyl bromide. 

1755 

1687 

3-9 

Ethylene bromide. 

1828 

1854 

-1-5 

Propylene bromide . . . . 

2043 

2085 

-2-0 

Isobutylene bromide .... 

2270 

2276 

—0*3 

Acetylene bromide. 

1713 

1774 

-3-6 

Ethylene chloride. 

1401 

1402 

-01 

Methyl propyl ketone .... 

1535 

1537 

-01 

Diethyl ketone. 

1539 

1537 

01 

Pormic acid. 

883 

933 

I -5-6 

Acetic acid. 

1188 

1164 

20 

Propionic acid. 

1439 

1395 

31 

Butyric acid. 

1671 

1626 

27 

Jeohntyric acid. 

1665 

1586 

47 

Acetic anhydride. 

1595 

1628 

-20 

Propionic anhydride .... 

1976 

2080 

—53 

Benzene. 

1299 

1335 

-2-8 

Toluene. 

1572 

1566 

0-4 

Ethyl benzene. 

1820 

1797 

13 

Ortbo-xylene. 

1806 

1797 

0-5 

Meta-xylene. 

1794 

1797 

-0-2 

Para-xylene. 

1796 

1797 

0'0 


In the above table the agreement of calculated and observed values is practically 
the same as it was at the smaller slope, the mean percentage difference being 17. 
The largest differences, as at the smaller slope, are given by the acids and propionic 
anhydride. In the following table those liquids are compared which were not 
employed in deducing the fundamental constants. The calculated values are obtained 
in the same way as already indicated at slope , 0 4 323. 
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Observed. 

Calculated. 

Difference 
per cent. 

Carbon tetrachloride .... 

1627 

2036 

- 25’ 1 

Carbon dichloride. 

1933 

2188 

— is-a 

Ethylidone chloride .... 

1336 

1402 

- 4*9 

Water. 

398 

492 

-23*6 


The behaviour of these substances is substantially what it was at the smaller slope, 
where the differences between the observed and calculated numbers were respectively 
— 23*5, — 9-9, — 37, and - 23-8. 

The identical values given for the differences in the case of water are especially 
noteworthy, as the molecular complexity of water is supposed to alter as the tempe¬ 
rature falls. 

It has already been shown that the molecular viscosities of the acids—which, like 
water, are also supposed to contain molecular aggregates—are related to those of the 
other liquids in practically the same way at the two slopes. These points are of the 
highest importance in justifying the use of temperatures of equal slope as tempera¬ 
tures of comparison. For although the temperatures of slope, and thus the 
molecular viscosity corresponding with these temperatures, will be affected by the 
existence of molecular aggregates, yet the above facts indicate that the relationships 
obtained at any one value of the slope are general, and will be the same, no matter 
at what slope the comparisons are made. 

Bromine and the Alcohols. 

The comparison of the observed values for bromine and the alcohols with those 
calculated from the preceding fundamental constants, which were entirely deduced 
from the molecular viscosities of the other liquids, is given in the table. 



Observed. 

Calculated. 

Difference 
per cent. 

Bromine. 

1317 

1392 

- 5*7 

Methyl alcohol. 

Ethyl alcohol. 

Propyl alcohol. 

Butyl alcohol. 

760 

933 

1041 

1232 

720 

951 

1182 

1413 

5-3 

- 1*9 

- 135 

- 14*7 

Isopropyl alcohol. 

IsoDutyl alcohol . 

Inactive amyl alcohol . . . 

930 

1137 

1386 

1142 

1373 

1604 

- 22*8 
- 20-8 
* -15*8 

Active amyl alcohol .... 

1334 

1604 

-20*2 

Trimethyl carbinol. 

Dimethyl ethyl carbinol. . . 

1020 

1190 

1333 

1564 

-30*7 

-31*4 

Allyl alcohol. 

1047 

1105 

- 5*5 


4 O 2 
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The calculated value for bromine is deduced from the dibromides, and its agreement 
with the observed value is satisfactory. In the case of the alcohols, however, it is 
at once evident that all trace of agreement between calculated and observed values has 
disappeared. The values of the alcohols, like that for water, are calculated by means 
of the oonstant for hydroxyl oxygen as derived from the acids. The calculated value 
for a tertiary alcohol is obtained on the assumption that two iso linkages occur in the 
molecule. In the case of the normal primary alcohols the first difference is positive, but 
all the others are negative, and increase as the series is ascended. It is also noticeable 
that an iso- or secondary isomer, gives a larger difference than the normal isomer, and 
a tertiary isomer gives the largest difference of any of the isomers. It is thuB evident 
that there is a regularity in the magnitude of the deviations. Allyl alcohol also 
exhibits a comparatively large negative difference. As the behaviour of the alcohols is 
of the same nature with regard to the molecular viscosity work, we defer its detailed 
discussion till a later stage. 


Conclusions relating to Molecular Viscosity at Equal Slope. 

1. The tables indicate that at equal slope molecular viscosity for the great majority 
of the substances can be calculated from fundamental constants which express not 
only the partial effects of the atoms existing in the molecule, but also those due to 
different modes of atomic arrangement. 

The large effects which can be attributed to the ring-grouping of atoms, to the 
iso linkage, to double linkage, and to changes in the condition of oxygen in its 
compounds, as well as the smaller effects due to the accumulation of an atom of 
halogen in a molecule, make evident the quantitative influence of constitution. 

2. Of the remaining substances, the chlormethanes, tetraehlorethylene, ethylidene 
chloride, and carbon bisulphide, give deviations from the calculated values on account 
of constitutive influences, which for lack of sufficient data can not, as yet, be 
quantitatively expressed, and which are not allowed for in deducing the fundamental 
cpnstants. 

3. The alcohols and water give no agreement with the calculated values. The mode 
in which the deviations vary indicates, in the case of the alcohols, that the disturbing 
factor is related to their chemical nature. 
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Molecular Viscosity Work (y X specific molecular volume = yd ?) at 

slope 0*323. 

(y in dynes per square centim. x specific molecular volume in cub. centime. X 10 8 .) 

Homologues. 


Pentane * 
Hexane . 
Heptane . 
Octane . 
Isopentane 
Isohexane 
Isoheptane 
Isoprene . 
Diallyl . 


Methyl iodide . 
Ethyl iodide 
Propyl iodide . 
Isopropyl iodide 
Isobutyl iodide 


Ethyl bromide. . 
Propyl bromide . 
Isopropyl bromide 
Isobutyl bromide . 
Ethylene bromide. 
Propylene bromide 


Isopropyl chloride 
Isobutyl chloride . 
Methylene chloride 
Ethylene chloride. 
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.Homologues (continued). 




Difference. 

Methyl sulphide. 

240 

(77) 

Ethyl sulphide. 

393 

Dimethyl ketone. 

238 

(69) 

Diethyl ketone. 

376 


Methyl ethyl ketone. 

802 

81 

Methyl propyl ketone. 

383 

Formic acid. 

160 

77 

Acetic acid. 

237 

i 

87 

Propionic acid. 

324 

73 

Butyric acid. 

397 


Acetic anhydride. 

394 

(74) 

Propionic anhydride. 

542 

Benzene. 

314 

82 

Toluene. 

396 

79 

Ethyl benzene. 

475 



It is evident from the above table that in all homologous series CH S exerts an 
effect on the molecular viscosity-work which is approximately constant and is about 
80 units, although, as in the case of molecular viscosity, there is a tendency for the 
value to diminish as the series is ascended. 
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Corresponding Compounds. 




Iodide. 

Bromide. 

Chloride. 

Acid. 

Alcohol. 




Diff. 

Ijcp* 

Diff. 

7]CP. 


yd*. 



Methyl * . . 
Ethyl . * . 

. . . 

25 6 



V fir 


95 

160 

129 

126 

. . 

341 

59 

282 

« ■ 

f # 

104 

*237 



Propyl . * . 
Butyl . . . 

* . . 

425 

• * 

72 

• • 

353 

59 

M • 

294 

101 

321 

397 



Isopropyl . . 
Isobutyl , . 

* • 

417 

71 

346 

56 

290 

• • 




. . . 

505 

72 

433 

69 

364 

107 

398 



Allyl. . . . 

• * * 

397 

70 

327 

59 

268 



■ 


Ethylene . . 

t » i 

* * 

• • 

450 

(62) 

326 






The compound of higher molecular weight has invariably the higher molecular 
viscosity work. It is evident also that the same change in chemical nature corre¬ 
sponds approximately with the same change in molecular viscosity work. 

The value for an iodide is about 70 units greater than that for a bromide, and the 
value for a bromide is about 60 units greater than that for a chloride. 

The value for an iodide is greater by about 102 units than that for an acid, and 
methyl iodide has a value greater by some 130 units than that for methyl alcohol. 


Normal Propyl and Allyl Compounds. 



Normal propyl. 

Difference. 

Allyl. 

7 /d 8 . 

qd*. 

Hydrocarbons. 

415 

(29) 

356 

Iodides . 

425 

28 

397 

Bromides. 

353 

26 

327 

Chlorides.,. . . 

294 

26 

268 


Ethylene and Acetyleue Bromides. 




Ethylene. 

Difference. 

Acetylene. 




v d\ 

Bromides. 

450 

32 

i 

| 

418 


The five comparisons show that the loss of 2 atoms of hydrogen and the gain of 
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a double linkage correspond to a definite change in molecular viscosity work 
of some 29 units. I 


Isologous Hydrocarbons. 


n. 

o»h,» +2 . 

Difference. 


O.H 



j/dP. 


Difference. 

,<1*. 

Difference. 

ydP* 

5 

329 

21 

308 

45 

284 

♦ • 


6 

415 

• • 


59 

356 

101 

814 

7 

495 

. # 


# • 

• # 

99 

396 

8 

574 



• • 

• • 

! 99 

1 

475 


Loss of hydrogen is accompanied by a fall in the value of the molecular viscosity 
work. A benzene hydrocarbon has a value which is invariably lower by almost 
100 units than that of the normal paraffin containing the same number of carbon atoms. 
The values for isoprene and diallyl are some 52 units lower than those of the corre¬ 
sponding paraffins, and that of iso-amylene is some 21 units lower than that of normal 
pentane. 

It is noteworthy that these numbers, 100, 52, and 21 are, in the same sense as, 
although not strictly proportional to, the corresponding differences in chemical compo¬ 
sition, viz., H 8 , H t , and 


Substitution of Halogen for Hydrogen. 


n. 


Difference. 

C*H 3 » +1 Br. 

Cblormethanes. 


Difference. 


V d\ 


2 

450 

168 

282 

Methylene chloride . . 

241 

87 

78 

3 

526 

173 

353 

Chloroform. 

328 

4 (Iso.) 

614 

181 

433 

Carbon tetrachloride . . 

406 



The mean increase in molecular viscosity work for the change of a monobromide 
into a dibromide is 174 : the increase, however, tends to become greater the higher 
the molecular height. 

As in the case of molecular viscosity the effect of substituting H by 01 in a chlor* 
methane is smaller the larger the amount of chlorine in the moleoule, 
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Compounds Differing by a Carbon Atom. 


1 .*■-—.. 


Diff. 

! 

n &. 

Diff. 

Tetrachlormethane . . 

406 

90 

Methyl alcohol . . . 

! ! 

126 

43 

Tetrachlorethylene . . 

i 

496 


1 Aldehyde. 

169 

I 

1 


As in the case of molecular viscosity, the different values given by the comparisons 
may be partly due to the fact that the addition of a carbon atom to form the group 
C : C exerts a different effect from that produced when the carbon atom added 
forms the group C : O, and partly to the presence of molecular aggregates ip the 
methyl alcohol. 

Isomers. 


Normal and Iso compounds. 



Normal. 

Difference. 

i 

g 

I ' 





Pentanes. 

829 

9 

320 

Hexanes. 

415 

10 

405 

Heptanes. 

495 

13 

482 

Propyl iodides. 

425 

8 

417 

Propyl bromides. 

353 

7 

340 

Propyl chlorides. 

i 294 

4 

290 

Butyric acids. 

: 397 

- 1 

398 


With the exception of the butyric acids, which are anomalous, probably for the 
reason already given, the normal compound has always the higher viscosity, the 
average difference being about 8 units. It is evident, however, that in the same 
family of compounds the difference tends to rise with the molecular weight. 


Aromatic Hydrocarbons. 




Diff. 

Ortho-xylene.. 

483 

-8 

Ethyl benzene. 

475 

- 1 

Meta-xylene. 

474 

- 7 

Para-xylene.. . 

467 



As in the esse of molecular viscosity, ortho-xylene has the largest value and para- 
MDOOCXCIV.— A. 4 P 
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xylene the smallest; meta-xylene and ethyl benzene have practically the same value, 
and this is almost the mean of those of ortho- and para-xylene. 


Dichlorethaneb. 



v<p. 

Difference. 

Ethylene chloride. 

Ethyl idene chloride. 

32« 

312 

-14 


The symmetrical compound has, as before, the larger value. 


Isomerio Ketones. 


i 

yiP. 

Difference. 

Diethyl ketone. 

ZC 

•M 

i 

r* 

Methyl propyl ketone. 


✓ 


Probably for the reason already given, the uusymmetrical compound has the larger 
value. 

It will be apparent from these tables that the relationships thus established are as 
definite as those given by the molecular viscosities of the substances, and justify the 
attempt to calculate atomic constants which is given in detail in what follows. The 
method is the same as that used in the case of molecular viscosity. 

Method op Deducing the Fundamental Viscosity Constants (Molecular 
Viscosity Work at Slope ’0 4 323). 

Value of CH 2 . 

The mean of the twenty-three available values for CH a given in the table of homo- 
logues is practically 80 (79’52) and, neglecting signs, the average divergence from 
the mean is 5. Hence it is assumed that 

CH S — 80. 

I Influence of the ho grouping. 

Excluding the butyric poids, for the reason already given, all the comparisons agree 
in showing that a normal compound has a higher value than an iso compound, the 
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average difference being 8, from which the mean divergence, neglecting signs, is 3. 
The effect of introducing the iso arrangement of two carbon atoms iuto a straight 
chain compound is thus taken to be — 8. 


Value of Hydrogen. 

The data used in deducing the value of H are summarised below :— 



n. 

c„h,. +2 . 

mCH 2 . 

h 3 . 

r 

5 

329 

400 

- 71 

Normal paraffins . . < 

6 

7 

415 

495 

480 

560 

— 65 

- 65 

l 

8 

574 

640 

- 06 

r 

5 

320 

392 

— 72 

lso-paraffins . . . , < 

6 

405 

472 

— 67 

7 

482 

552 

- 70 


Mean value of H 9 = — 

68 , 



Neglecting signs, the average divergence from the mean is less than 3. 


Value of Carbon. 

Since CH.j = 80 and H a = — 08, it may be taken that C = 148. 


Influence of a Double Linkage. 

The four comparisons of normal propyl and allyl compounds show that the occur¬ 
rence of a double linkage and the loss of two hydrogen atoms lower the molecular 
viscosity work by 27 units, the average divergence being about L unit. The same 
change in a substance like ethylene bromide affects its molecular viscosity work to 
about the same extent. 

It follows, therefore, since the value of H a is — G8, that the value of a double 
linkage is — 95. 


Values of the Halogens. 

Adopting the values, 

H = — 34, C = 148, iso grouping = — 8, double linkage = — 95, 

the data available for calculating the atomic constants of the halogens are collected 
in the tables given below:— 


4 p 2 



660 MESSRS. T. E. THORPE AND J. W. RODGER ON THE RELATIONS 


Value of Iodine. 



Iodide. 

“Rest" 

I. 

ffcfi (observed). 

(calculated). 

Methyl. 

255 

46 

209 

Ethyl. 

:$4i 

126 

215 

Propyl. 

425 

206 

219 

Isopropyl. 

417 

198 

219 

Iaobutyl. 

505 

278 

227 

Allyl. 

397 

179 

218 

i 

Mean value of I as $ 

518. 



The average divergence from the mean is less than 4. 

Values of Bromine. 


Bromide. 



7 /rZ 3 (observed). 

“ Rest” 
(calculated). 

Br. 

Ethyl. 

282 

126 

156 

Propyl. 

353 

206 

147 

Isopropyl. 

346 

198 

148 

Isobutyl. 

433 

278 

155 

Allyl. 

327 

179 

148 

Ethylene. 

450 

160 

(145) 

Propylene .... ... 

526 

240 

(143) 

Isobutylene. 

614 

312 

(151) 

Acetylene. 

418 

i 

113 

(152) 


In monohalogen compounds bromine has the. value 151, the average divergence 
being less than 4. 

In dibromides the value for bromine is 148, with an average difference of less 
than 4. 

This value is almost the same as that in raonobromides, but the small difference is 
probably real, as comparisons of molecular viscosity, and also of chlorine compounds, 
&c., serve to ehbw that in dihalogen compounds the halogen has a lower value than 
in monohalogen compounds. 
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Values of Chlorine. 



Chloride. 

i/# (observed). 

“Rest” 

(calculated). 

01. 

Propyl. 

294 

206 

88 

Isopropyl ........ 

290 

198 

92 

Isobutyl . 

364 

278 

86 

Allyl. 

268 

179 

89 

Ethylene. 

326 

. 160 

(83) 

Methylene........ 

243 

80 

(81) 

Chloroform. 

328 

114 

(71) 

Carbon tetrachloride . . .' . 

406 I 

148 

(64) 

Carbon dichloride. 

1 

497 

201 

(74) 


In monohalogen compounds the value of chlorine by the method of calculation 
adopted is 89, and in carbon tetrachloride is 64. 

It is thus apparent, as far as the data go, that as chlorine accumulates in a 
molecule its value becomes less and less, the values obtained being 

In monochlorides, 89. In trichlorides, 71. 

In dichlorides, 82. In tetrachlorides, 64. 

In the unsaturated compound, C 2 C1 4 , chlorine appears to have about the same 
value as in chloroform and in ethylidene chloride (76). 

The mean of the values for iodine and chlorine in monohalogen compounds is 153, 
which is almost identical with that obtained for bromine, viz., 151. 


Values of Oxygen . 


Carbonyl Oxygen. —On deducting, as before, nCH 2 


aldehyde and the ketones, values are obtained for 


b. 


from the observed numbers for 
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ti 

C.H..O. 

»CHg 

(calculated). 

L 

(observed). 

Aldehyde. 

169 

160 

+ » 

Dimethyl ketone ..... 

238 

240 

- 2 

Methyl ethyl ketone .... 

302 

320 

-18 

Methyl propyl ketone.... 

383 

400 

-17 

Diethyl ketone ...... 

376 

.400 

-24 

li 

Mean adopted value of 0 = — 19. 


Methyl ethyl ketone and methyl propyl ketone give almost the same value for 
carbonyl oxygen ; the value of diethyl ketone, on making allowance for the effect of 

li 

constitution, also indicates that the value of O is about — 19. 

The values for O obtained from dimethyl ketone, the initial member of the series, 
which. from surface-energy measurements appears to contain molecular aggregates, 
and aldehyde, which, of course, has a different constitution from that of the ketones, 
are not included in the adopted mean. 

These two substances will be referred to later. 

It is assumed that the probable value for carbonyl oxygen is 

II 

O = — 19. 

Hydroxyl Oxygen .—On deducting the values of nCH 2 from the observed numbers 
for the fatty acids, the differences obtained correspond with the joint effect of an 

, ll\/ 

atom of carbonyl and an atom of hydroxyl oxygen 00. 



Acids. 

nCH 2 

(calculated). 


/jd s (observed). 

. 

Formic. 

163 

80 

83 

Acetic. 

237 

160 

77 

Propionic. 

324 

240 

84 

Butyric.| 

397 

320 

77 

leoblityric. 

398 

( 

312 

86 

»v 

i Mean value of O 0 = 

i 

: 81. 
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The average divergence from the mean is less than 4. The percentage variation 
is greater, however, than for most of. the other atomic constants. The value is 
probably affected by the complexity of the acids. 

- Taking O = —■ 19, and A + 0 = 81, it follows that in the acids^O^ 100. 

Ether Oxygen. —Using the preceding values of C, H, and (!), the observed numbers 
for acetic anhydride and ether give respectively 44 and 42 as values for ether oxygen ; 
with such scanty data as are to hand it is therefore probable that 

0< = 43. 

The mean values thus obtained for oxygen in different conditions are 

II \/ 

O = — 19, 0=100, 0<=43. 

Value of Sulph ur. 

The two comparisons available for obtaining values for singly-linked sulphur 
are given below :— 



Sulphide. 





“ Rest ” 

v 



(calculated). 

S. 


ipW (observed). 

. 



Methyl. . . 

240 

92 

148 

Ethyi. 


252 

- 141 

1 


\/ 



Mean value of S = 

144. 



Influence of Ring-Grouping. 

On calculating values for the molecular viscosity work of the aromatic hydrocarbons 
in the same way as has been described when dealing with molecular viscosity, the 
differences given in the subjoined table, representing the effect of the ring-grouping, 
are obtained. 



rj(P (observed), 

“ Rest ” 
(calculated). 

Ring-grouping. 

Benzene. 

314 

684 

—370 

Toluene. 

396 

764 

-368 

Ethyl benzene ...... 

475 

844 

—369 

Ortbo-xylene. 

483 

844 

— 361 

Meta-xylene. 

474 

844 

-370 

Para-xylene. 

467 

844 

-377 


Mean value of ring-grouping = — 369. 

__ _ ____ ____ 
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Probably the first three hydrocarbons are alone strictly comparable, as the others 
contain two side chains. The mean of all the differences is, however, exactly the 
same as that deduced from the first three. The average difference front the mean, which 
in the case of the xylenes is mainly dud to constituti ve influences, is only some 8 units. 

It is thus evident that the ring-grouping of atoms exerts a definite mid profound 
influence on the magnitude of the molecular viscosity work. 

If it is assumed that three double linkages occur in benzene, the differences would 
be reduced to 

369 — 3 X 95 = 84 units, 

bo that the original difference is in the same sense as that which would be produced 
by double linkage, but evidently it can not be explained on the assumption that 
double linkages alone produce it. 

As in the case of aromatic hydrocarbons the calculated value for thiophen is 
largely in excess of that observed : 

Thiophen | Calculated . 600 1 Difference, 294. 

r l Observed . 305 J 


The value of the effect of two double linkages is 190, so that here also it is 
impossible to attribute the observed difference to the double linkage of carbon atoms 
alone. 

The values thus obtained for the fundamental constants are summarized in the 
following table :— 

Fundamental Viscosity Constants (Molecular Viscosity Work at Slope ’04323). 


Hydrogen 


Carbon, 


Hy droxyl -oxygen 
Ether-oxygen 


Carbonyl-oxygen .... 

Sulphur. 

Chlorine fin monoch lor ides) 
,, (in dichlorides) 


(in dihromides) 


Iodine 


Iso grouping . 
Double linkage 


. 0—O—H 

. c—o—c 


. 0^=0 
• c—s—c 


Bromine (in monobromides). 


Ring-grouping 
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The comparison of the observed values of the molecular viscosity work with those 
calculated by means of the above fundamental constants is given in the following 
WbJe>— 


Molecular Viscosity Work at Slope *0 4 323. 


• 

Observed. 

Calculated. 

Difference 
per cent. 

Pentane. 

329 

332 

-0-9 

Heicane. 

415 

412 

0*7 

Heptane. 

495 

492 

0-6 

Octane. 

574 

572 

0-3 

Isopentane. 

320 

324 

- 1*2 

Isonexane. 

404 

404 

00 

Isoheptane. 

482 

484 

-0-4 

Isoprene. 

284 

278 

2*1 

DiaHyl. 

856 

358 

-0-5 

Methyl iodide. 

255 

264 

-35 

Ethyl iodide. 

341 

344 

— 0*9 

Propyl iodide. 

425 

424 

0-2 

Isopropyl iodide. 

417 

416 

0*2 

Isobutyl iodide * . . 

505 

496 

1*8 

Allyl iodide ... ... 

399 

397 

0*5 

Ethyl bromide . . 

282 

277 

1*8 

Propyl bromide. 

353 

357 

- 11 

Isopropyl bromide . . . 

346 

349 

— 0*9 

Isobutyl bromide . . 

433 

427 

1*4 

Allyl bromide ...... 

327 

330 

-0*9 

Ethylene bromide. 

450 

i 456 

- 1*3 

Propylene bromide..... 

526 

j 536 

- 1*9 

Isobutylene bromide .... 

614 

608 

- 10 

Acetylene bromide. 

418 

409 

2*0 

Propyl obloride .. 

294 

295 

-03 

Isopropyl chloride. 

290 

287 

1-0 

Xsobatyl chloride. 

364 

367 

-08 

Allyl chloride.. 

268 

268 

00 

Methylene chloride. 

241 

244 

-1-2 

Ethylene chloride ..... 

826 

324 

0-6 


4 Q 


MDCCCXCIV.—A. 
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MoiiBCtTLAR Viscosity Work at Slope *04828—(continued). 


- 

Observed. 

Calculated. 

Difference 
per cent. 

Methyl sulphide. 

Ethyl sulphide. 

240 

393 

236 

396 

1*7 

-0-8 

Methyl ethyl ketone .... 
Methyl propyl ketone .... 
Diethyl ketone. 

302 

383 

376 

301 

381 

381 

0-3 

05 
- 1-3 

Formic acid ....... 

160 

159 

06 

Acetic acid. 

287 

239 

-0-8 

Propionic acid. 

323 

319 

1*8 

Butyric acid. 

397 

399 

- 05 

Taobutyric acid. 

| 398 

391 

1*8 

Acetic anhydride. 

394 

! 

393 

0-3 

Propionic anhydride .... 

542 

553 

-2-0 

Ethyl ether. 

295 

295 

00 

Benzene.. 

314 

315 

-0-3 

Toluene. 

395 

395 

00 

Ethyl benzene. 

475 

475 

00 

Ortho-xylene. 

483 

475 

1*7 

Meta-xylene. 

474 

475 

— 0*2 

Para-xylene. 

467 

475 

- 1*7 


The average difference between the observed and calculated numbers given by the 
above compounds is less than 1 per cent.; in one or two cases, as the isomeric ketones 
and isomeric xylenes, the differences are partly due to effects of constitution which are 
ignored in obtaining the calculated values. 

Several compounds are worthy of special discussion, and are considered in what 
follows. 

Isoprene .—The calculated value for isoprene is deduced on the assumption that it is 
a straight chain compound containing two double linkages. Of the five possible 
formulae for isoprene (see Tilden, ‘ Proc. Birmingham Phil. Soc./ vol. 8, 1892 ), one 
contains, in addition to the double linkages, an iso linkage of carbon atoms. If an iso 
linkage occurred in the chain the calculated value for the molecular viscosity work 
would be reduced to 270 , and the difference between the observed and calculated 
values raised to 14 units, or 5 per cent. Viscosity observations therefore favour the 
view which is indicated by chemical methods, that no iso linkage occurs in the 
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molecule. It is noteworthy that the difference between the values of the molecular 
viscosity work of dudlyl and isoprene is 72, a number whioh is lower than the mean 
value for a difference in composition corresponding to OH*, viz., 80. If diallyl be 
represented as 

CEf s : CH.CHg.OHj.OH: CH 2 , 

the above small difference may be taken to indicate that isoprene is not a true 
homologue of diallyl, and probably, therefore, that the formula for isoprene which most 
closely resembles the formula for diallyl, viz., 

CHj: CH.CHj.CH : CH 2 , 

is not the correct formula. The conclusions which follow from the viscosity of 
isoprene, taken in conjunction with the fact that isoprene yields acetic acid as an 
oxidation product, point to 

CH 8 .CH : C : CH.CH S 

or 

CH S .CH : CH.CH : CH 3 

as the most probable formula for this hydrocarbon. 

Methyl Iodide. —The difference between the theoretical and calculated values for 
methyl iodide is considerably above the average. 

This is no doubt due to the fact that methyl iodide is a substituted methane ; it is, 
indeed, the only monocarbon compound given in the table; in all the other iodides 
iodine has been introduced into a methyl group. (Compare what follows with regard 
to carbon tetrachloride, which is also a monocarbon compound.) 

Fatty Acids. —As has already been stated, the acids most probably contain 
molecular aggregates at the temperatures of comparison. The fairly regular values 

given by the normal acids for the effect of CH S and^O indicate, however, that at 
temperatures of equal slope the extent of the molecular aggregation if not quite the 
same is not very different for the various liquids. 

Isobutyric acid has probably a slightly different molecular complexity at equal 
slope from that of the corresponding normal acid. The same result, indeed, follows 
from surface-energy observations. This is no doubt the reason why in all comparisons 
nto which this iso acid enters it gives values which appear more or less anomalous 
when compared with those given by non-associated liquids or by liquids like the 
normal acids, which are probably of about the same degree of association at equal 
slope. 

Isomeric Aromatic Hydrocarbons. —The calculated value is the same for all the 
compounds, and is deduced from the values of carbon, hydrogen, and the effect of the 
ring-grouping. 

Ethyl benzene and meta-xylene give observed values which are identical with those 
calculated, whereas ortho-xylene gives a number which is as far above the calculated 

4 q 2 
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value as that of para-xylene is below it. The differences give a measure of ‘the 
Variation in constitution of these substances. In the following table is given the 
comparison of the molecular viscosity work and several other physical properties of 
these isomers:— 


, 

Molecular 
viscosity work. 

Critical 

temperatures.* 

Critical 

pressures.* 

Boiling-point. 

Ortho-xylene .... 

483 

358 

36-9 

0 

1440 

9 

13 

11 

50 

Meta-xylene .... 

474 

345 

35-8 

1890 

7 

1 

•8 

•8 

Para-xylene .... 

467 

344 

350 

138-2 

Ethyl benzene .... 

475 8 

346 12 

381 -1-2 

1861 7-9 



Molecular magnetic 
rotation.*}* 

Specific molecular 
volume at 
boiling-point. 

♦ 

Molecular 
re fraction. J 

Ortho-xylene.. 

13*306 

138*2 

36*050 

•575 

-1-5 

-444 

Meta-xylene. 

12731 

1397 

35606 

-058 

- •5 

031 l 

Fara-xylene. 

12789 

140-2 

35-575 

Ethyl benzene. 

13-327 —021 

138-7 - -5 

85-332 -718 


As regards the metameric xylenes, except in the case of magnetic rotation, the differ¬ 
ences are of the same sign; this, of course, is the result of the fact that the ortho¬ 
isomer has either the largest value, and the meta compound the smallest value, or 
vice versd. The magnetic rotation of the meta isomer is exceptional, and is slightly 
smaller than that of the para isomer. It is also invariably the case that the differ¬ 
ence between the values of the ortho- and meta isomers is larger than the difference 
between the meta- and para isomers. 

The relation in which the magnitude of the value for ethyl benzene stands to those 
of the other compounds varies with the particular property dealt with. 

The difference given in the table is that between ethyl benzene and ortho-xylene; 
from the magnitude and sign of this difference as compared with those of the other 
differences it is evident that, in the case of molecular viscosity work, critical tem¬ 
perature, and specific molecular volume, the value for ethyl benzene is intermediate 
between those of ortho- and meta-xylenes. 

* ALTSCjitrL, ‘ Zeit. fur phyeik. Chemie,' 11, 577. 

t Landolt and Jahr, ‘ Zeit. far phjBik. Chemie, ’ 10, 811 (n’« formula). 

J Schokrock, ‘ Zeit. fiir pbyaik, Chemie,’ 11, 758. 
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In the ease of critical pressure and magnetic rotation ethyl benzene has the laigest, 
and in the case of boiling-point and molecular refraction the smallest; value of all the 
isomers. The relations between the magnitudes of the viscosity constants of these 
substances is thus in harmony with their other physical properties. 

In what follows the observed values of substances which are not included in the 
preceding table, and which were not employed in deducing the fundamental constants, 
are compared with the values given by the other substances. 

Amylene .—Assuming that the substance employed is a straight chain compound 
containing one double linkage, 


the calculated value is 305 j 

> Difference 

the value found is 307 J 


2 . 


On Dr. Perkin’s authority, however, the sample is tri-methyl ethylene, and if, in 
addition -to a double linkage, an iso linkage be taken to exist in the molecule, the 
calculated value is modified to 297, and the difference raised to 10, or about 3 per 
cent. This difference is somewhat greater than those usually found in the preceding 
table, and it is noteworthy that Dr. Perkin found that the magnetic rotation of this 
sample was anomalous (compare ‘ Joum. Chem. Soc.,’ 45, p. 561, 1884). 

It may also be pointed out that this substance is the only one examined in which 
an iso linkage is associated with a double linked carbon atom ; of all the substances 
investigated by us it alone contains the group 

g>CH = C. 

The same remarks apply in the case of molecular viscosity. 

Chlormethanes .—In deducing the values of the fundamental constants it has been 
established that if the values of carbon and hydrogen be taken as constant, the value 
of the halogen in a dihalogen compound is invariably lower than the value in a mono¬ 
halogen compound. 

From the values afforded by the chlormethanes it would appear that a similar 
decrease still takes place in the case of tri- and tetra-halogen compounds. In 
order to indicate this change in the value of the halogen, we give in the following 
table the observed values of the chlormethanes and the values calculated by using the 
value possessed by chlorine in monochlorides. 



yd? (observed). 

yd? (calculated). 

Difference, 

Methylene chloride , . . 

241 

258 

—17 

OhJomom ; .. 

328 

881 

—53 

Carbon tefcraohloride * . , * 

406 

504 

j 

—98 
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Ajb the number of hydrogen atoms displaced by the .halogen increases, the differences 
augment at an increasing rate. 

If the values of carbon and hydrogen be taken as normal in these compounds, on 
introducing the value of chlorine obtained from monohalogen compounds the following 
numbers represent the respective effects on the molecular viscosity work of I, 2, 8, 
and 4 atoms of chlorine when linked to one carbon atom. 



-Effect upon molecular 
viscosity work. 

Difference. 

01 

89 

75 

Cl* 

164 

50 

Cl 8 

214 

44 . 

Cl* 

258 



It is instructive to note that the magnitudes of several of the other physical 
properties of these and similar substances exhibit the same kind of relationships. 

From determinations of the heats of formation of halogen compounds at constant 
volume, Thomsen concludes that the respective thermal effects which may be attri¬ 
buted to the fixation of different numbers of chlorine atoms in the same molecule are 
as follows:— 



Thermal effect. 

Difference. 

Cl 

138 K 

192 

Cl s 

330 K 

144 

Cl 8 

474 K 

126 

Cl 4 

600 K 



Here, precisely as in the case of molecular viscosity work, the differences diminish 
at a decreasing rate. 

The numbers given in the following table indicate also a parallelism between the 
magnitudes of the boiling-points, specific molecular volumes, and magnetic rotatory 
powers of the chlormethanes and the values of the molecular viscosity work. 

Critical temperatures might also be included in the comparisons, but the values for 
the higher chlorinated compounds, especially that of methylene chloride, are untrust¬ 
worthy, as the observations were made over heated mercury, whereby the substances 
are partially decomposed. The value for the molecular viscosity work of methyl 
chloride is calculated from that of monohalogen compounds. 
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V' t ' f- • ■* i'' ^ 

Molecular 
viscosity-work. 

Difference. 

Boiling-point, 

Difference. 

Methyl chloride , . . . 

(135) ' 

108 

- 23-7 

63-3 

Methylene dichloride . . 

243 

85 

40-2 

211 

Chloroform . . 

i 

328 

78 

61-3 

155 

Carbon tetrachloride. . . 

406 


76-8 




Molecular mag¬ 
netic rotation. 

Difference. 

Specific mole¬ 
cular volume at 
boiling-point. 

Difference. 

Methyl chloride .... 

a • 


50-8 





14-8 

Methylene chloride . . . 

4 313 


65-6 

18*9 


1-24C 


Chloroform ,. 

5-559 


84-5 




1023 


19-2 

Carbon tetrachloride. . . 

6-582 

: 


103-7 



In all cases the differences are not constant, but alter progressively as substitution 
goes on; and for all the properties but specific molecular volume the differences diminish. 

Other properties, which are less influenced by differences in constitution than those 
mentioned above, also give indication of effects of a similar kind. Observations on 
molecular refraction show, although not so definitely as the above properties, that as 
an element, or radicle, accumulates in a molecule the effect of each increment is not 
the same (Comp. Bruhl, ‘Zeit. f. physik. Chem.,’ 7, 178; Armstrong, ‘Proc. Chem. 
Soc.,’ 1892-3, 57), 

In the case of specific molecular volume and molecular refraction, unlike what takes 
place in the case of molecular viscosity work, the value of chlorine, say, increases as 
successive atoms are linked to the same carbon atom. This difference is significant, 
as viscosity and boiling-point are doubtless to be referred to inter-molecular effects, 
whereas specific molecular volume, and, as there is reason to believe, refraction as well, 
are to be associated with intra-molecular effeots (compare p'. 549). 

The surface tensions of two only of the chlormethanes, viz., chloroform and carbon 
tetrachloride, have been determined by Schiff. He has Bhown that, according to his 
method of treating surface tension measured at the boiling-point, the value of chlorine 
in chlo roform is the same as in carbon tetrachloride. It would thus appear that, as 
regards the surface tensions of these two substances, the effect of the accumulation of 
chlorine in the molecule is inoperative. 

The values for the molecular viscosity work of the chlormethanes me thus in 
harmony with those of all other properties which are largely affected by constitutive 
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influences, and conform to the general rule that the extent to whloh the magnitude 
of a property is affected by the displacement of one atom of hydrogen by one atom of 
halogen is not constant, but varies in a regular way according as the first, second, 
third, or fourth hydrogen atom is replaced. 

Chlorethanes .—The molecular viscosity work of ethylene chloride is distinctly 
greater than that of ethylidene chloride. 


Ethylene chloride.* 326 

Ethylidene chloride. 312 


14 


With the exception of heats of combustion, where it has to be noted that chlorine 
takes no part in the chemical change, the magnitudes of several of the other physical 
properties of these metamers exhibit similar striking differences, as the following 
table shows:— 



Boiling. 

point. 

Surface tension 
Molecular weight 
at b.p. 

Molecular 

magnetic 

rotation. 

Heat of 
combustion. 

Specific 
molecular 
volume 
at b.p. 

Molecular 

refraction. 

Ethylene chloride . 
Ethylidene chloride. 

840 

675 

24-6 

20-8 

5-485 

5-335 

272 

272 

850 

89-3 

20- 92 

21 - 08 

i 

Difference . . . . 

26*5 

3*8 

•150 

0 

-4-3 

-16 


Here again the change in specific molecular volume and molecular refraction is in 
the opposite sense to the change in the other properties. 

The cause of these remarkable differences is no doubt to be traced to the fact that 
the effect of introducing chlorine in place of hydrogen into ethane varies according as 
it is the first, second, or third atom of chlorine which is united to the same carbon 
atom. Thus the effect of substituting hydrogen by chlorine in the compounds, 
RCHg, RCHjCl, RCHOlg, is doubtless different in each case. 

Moreover, it is also conceivable that the effect may depend on the nature of It, i,e., 
whether it be CH a , CHjCl, CHC1 2 , or OCl 8 . To test these two points it would be 
necessary to investigate as many of the various chlormetbanes as possible. 

This has only been done in the case of specific molecular volumes, and here the results 
clearly point to the conclusion that if we start with ethyl chloride the nature of R is 
inoperative, and tl|at the effect of introducing d into ethyl chloride, or its chlorine 
derivatives, simply depends on whether it is the first, second, or third chlorine atom 
which has been introduced into* a particular methyl group. 
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Using thevateelor ethyl chloride calculated byKopp from Pierre's values for its 
thermal expansion, and the values obtained by Staedel, the following are the data 
wirioh serve to establish the foregoing conclusion ;— 


Chlorethane. 

Differences in 
specific molecular 
volume. 

Where E may be 

ROHg 

141 * *3 

CHjOl, CHCIg, or COI*. 

RCHgCl 

16*9 ± *4 

OHg, CH S CI, CHCIg, or CC1„. 

RCHClg 

19*2 d= *4 

CHj, CH,C1, CHOI*, or CCI 8 . 

RCClj 

CH S , CHgCI, or CHCIg. 


Here the effect of substituting chlorine, as in the case of the chlormethanes, is 
greater, according as the first, second, or third hydrogen atom in the original methyl 
group is replaced by the chlorine. 

The cause of the difference between the specific molecular volumes of ethylene 
chloride and ethylidene chloride is to be sought for in the fact that in the former 
substitution has taken place in two methyl groups, whereas in the latter it has only 
taken place in one methyl group. There is no doubt that the difference in the magni¬ 
tudes of the viscosity and other physical properties is to be ascribed to the same fact. 
Whether the magnitude of the effect of substituting chlorine in the case of these 
properties depends also on the nature of R, i.e., on the halogen contents of the other 
methyl group, can best be decided by investigations similar to those of Staedel. 
There is indication, however, that this effect is operative in the case of viscosity, as 
it appears that dihalogen derivatives of ethane give a smaller value for the atomic 
constant of the halogen than monohalogen compounds. If the effect of the nature 
"of R were inoperative, the compound CH 8 .CH 2 C1 should yield the same value for 
chlorine as CH E C1.CH 2 C1, for in each case the first hydrogen atom in a methyl group 
has alone been replaced. Indeed, it may be the case that specific molecular volume 
is also affected in the same way. The volume-change in passing from ethane itself, 
CH 8 .CH 8 , to ethyl chloride, CH S .CH S C1, may perhaps differ from the change 
produced in passing from CH S .CH S C1. to CH 3 Cl.CH a Cl. This point can only be 
settled when the specific molecular volume of ethane is determined. 

From a study of the chlorethanes and chlormethanes it is thus evident that, as in 
the case of specific molecular volume, the magnitude of the effect which is exerted on 
the molecular visoosity work when chlorine is united to carbon, hydrogen being 
expelled, depends on whether the first, second, or third hydrogen atom is replaced* 

Tetrachlorethylene .—The mean value of ohlorine in tetrachlorethylene 0C1 S :CC1 2 
k 74 . 

MDOOCXCIV.—A. 4 R 
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This value is almost the same-as the value of chlorine in etbylidene chloride, 
via., 76, * , 

It is probable, therefore, that in substituting hydrogen by chlorine in ethylene, the 
same or similar variations take place, as in the case of ethane ; for on producing 

CH S .CHC1 S and CC1 S :CC1 S , 

the first and second hydrogen atoms attached to a given carbon atom have alone been 
substituted, and the above numbers show that the mean value of the chlorine is about 

the same in both cases. 

* 

The following table contains the values of chlorine calculated from the molecular 
viscosity work of the chlorine compounds examined :— 


N = atoms of hy¬ 
drogen substituted in 
each methyl group. 

Chlortn ethanes. 

Chlorethanes, 

Chlorethylene, 

1 

*(H.CHgCl) 

89 

CHoCl.CHgCl 

83 



2 

H.CHClo 

83 

CH S .CHC1 S 

76 

CC1 S :CC1 S 

74 

3 

H.CCU 

71 





4 

ci.cc4 

64 






It will be seen in conformity with the conclusions already stated that as N 
increases the value of chlorine always diminishes. It is also noticeable that when N 
is the same, the value of chlorine varies slightly with the series to whioh the 
substance belongs. This is again evidence of the fact already mentioned that on 
substituting hydrogen in a methyl group, the effect also depends upon the nature of 
the radicle to which the methyl group is attached. 

On comparing the differences between the specific molecular volumes of compounds 
belonging to the above series a similar variation is noticeable, as is seen in the 
following table :— 



Chlormethanes, 

Chlorethanes. 

„_ 

Chlorethylene. 

N. 


Specific 

molecular 

Difference. 


Difference. 


Specific 

molecular 

Difference. 



volume, 





volume. 


1 

H.CHgCl 

60-8 

14-9 

ROHjOl 

16*9 

CHOl-OHOL 

70*6 


2 

3 

H.CHCL, 

65-7 

18*8 

R.CHC1, 

19-2 

CC1 S : OOlj 

114-6 


H.CC1, 

84*5 


R.001j 





* The value of chlorine here used ia that gives % the monohalogen compounds examined. 
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Hj® effect of mtrcxiuemg chlorine increases as N increases, and, N remaining the 
same, it is greatest in an ethylene compound and least in a methane compound. Here, 
as is always the case, the direction of the change in specific molecular volume is the 
reverse of that exhibited in the case of molecular viscosity work. 

It is evident that the condition of chlorine in carbon tetrachloride is different from 
that in tetrachlorethylene. Indeed, CC1 4 is hardly comparable with the other 
substances where substitution in methyl groups is considered. 

On comparing the physical properties of these two substances with those of 
compounds which are related in the same way so far as chemical composition goes, *n 
all cases, as the following table shows, the behaviour of these chlorine compounds is 
peculiar. 

The peculiarity is doubtless to be attributed to the different conditions of chlorine in 
the two compounds, a difference which is ignored when the compounds are simply 
regarded as differing in chemical nature by an atom of carbon and a double linkage. 



Molecular 

viscosity 

work. 

Difference. 

Boiling- 

point. 

Difference. 

Sorface tension 

Difference. 

Molecular weight 
at b.p. 

Ethyl bromide . . 

282 

45 

38-4 

321 

20*5 

- 1*7 

Allyl bromide . . 

827 


70-5 


18-8 


Ethyl iodide . . 

841 

56 

724 

30-4 

14-7 

- 1-7 

Allyl iodide . . . 

397 


1028 

I 

13"0 


Tetr&chlormethane 

406 


76-8 


| 13-3 

,1 



91 


43-9 

i 

1 

Tetrachlorethylene 

497 


120-7 


j 13*4 




Heat of 
combustion. 

Difference. 

Specific 
molecular 
volume at 
b. P . 

Difference. 

Ethyl bromide . . 

341-8 

120-3 

77-5 

130 

Ally! bromide . . 

462*1 


90-5 


Ethyl iodide . . 

*• 

e • 

85-8 

151 

Ally! iodide . . . 

•• 

•• 

100-9 


Tetrachlormethane 

75-9 

119-2 

i 

1037 

10-9 

Tetrachlorethylene 

1951 

1 

114-6 



4 R 2 
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The differences between the magnitudes of the properties of the two chlorine 
compounds are never in harmony with the fairly concordant differences obtained from 
the other pairs of compounds, the members of which differ in composition by a carbon 
atom and a double linkage. 

Aldehyde and Acetone .—*As already stated, the observed values of these substances 
were not employed in deducing the fundamental constants. 

Using the values for C, H, and O, the observed and calculated numbers are:— 



Observed. 

Calculated. 

Bifferenoe 
per cent. 

Aldehyde . . . 


169 

141 

16 

Acetone . . . 

. 

238 

221 

7 


This large difference in the case of aldehyde points to the difference in constitution 
between the aldehydes and the ketones, as the value of oxygen used in obtaining the 
calculated number is that of ketonic oxygen. The difference is to be ascribed to the 
fact that different values have to be given to carbonyl in the groups 


R—C—H. and Rr—0—E, 

« 1 

O 0 


just as different values have to be given to oxygen in the groups R.O.H 
(hydroxyl oxygen) and R.O.R (ether oxygen). A study of other aldehydes 
would have to he undertaken to decide this point. The large observed value for 
aoetone is somewhat difficult to explain on purely chemical grounds. It is possibly 
due to the symmetry of the molecule, although the. evidence is somewhat Unsatis¬ 
factory. The symmetrical compound Et.CO.Et. gives an observed value which is 
amalW than that obtained by calculation; possibly, as already mentioned, the 
character of the diethyl ketone may have affected the result. On comparing ethylene 
and ethylidene chlorides it has been seen that the symmetrical oompound differs 
from the unsymmetrical compound just as aoetone appears to differ from ketones 
like Me.CO.Et. and Me.COJPr; the symmetrical compounds having the larger 
values. The most probable cause of the peculiar behaviour of acetone is indicated, 
however, by surface-energy measurements, which point to the conclusion that 
acetone contains molecular aggregates, whereas methyl propyl ketone, and thus 
presumably higher homologues of acetone, do not. (Ramsay and Shields, loc. eit.) 

Carbon Bisulphide. —The calculated value for carbon bisulphide, using the constant 
for singly-linked sulphur, is 436. The observed value is 241, 

It is evident, however, that in carbon bisulphide we are dealing with doubly-linked 







BETWEEN THE VISCOSITY OF LIQUIDS AND THEIR CHEMICAL NATURE. 677 

sulphur, which, employing the ordinary values for carbon and hydrogen, apparently 
has the value 

8 as £ (241 - 148) = 47. 


The values thus obtained for sulphur are related to one another in a similar way to 
those already given for ether oxygen and carbonyl oxygen. 



Molecular viscosity work. 

Molecular refraction. 


Oxygen. 

Sulphur, 

I,. 

Oxygen. 

Singly-linked. 

Doubly-linked. 

39 

144 

1-655 

-19 

47 

2328 

Difference. 

1 ' ] 

58 

97 

- *673 


Bbuhl arrives at corresponding values in the case of oxygen from a study of mole¬ 
cular refraction ; his numbers are given in the last column of the above table. In 
conformity with what has already been said, the difference in the case of molecular 
refraction is negative, while in the case of viscosity it is positive. 

Water. 


The observed value for water is 55. 

The calculated value, using the value for hydroxyl oxygen, and the ordinary value 
of hydrogen, is 30, so that the observed number is twice as large as that calculated 
in this way. Having regard to the general physical behaviour of liquid water as 
indicating the existence of molecular aggregates, and also to the mode in which the 
fundamental constants were deduced, this difference is what might have been anticipated. 
The value for hydroxyl oxygen was deduced from the observed numbers given by the 

11 

acids on the assumption that in these liquids C, H, and O had the same values as m 
simply constituted liquids. Seeing, however, that the acids contain molecular 

aggregates, the value of will be affected by this influence and cannot, therefore, 
be expected to apply to liquids containing molecular aggregates which differ in 
complexity from those of the acids. 

The large difference obtained above may, in the main, be attributed to the fact that 
at equal slope the complexity of water is different from that of the acids, a conclusion 
which is supported by surface-energy observations. The fact also that in the simple 
water molecule OH is linked to hydrogen and not to an unsaturated “ rest ” as in 
the simple molecule of an acid may also exert some effect. 
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Molecular Viscosity work at Slope *0*987. 

(tj in dynes per sq. centim. x specific molecular volume in cub. centime. X 10 8 .) 

In order to compare the alcohols with the other liquids, and to test if the 
comparisons at slope ’0*323 still held at different values of the slope, the magnitudes 
of the molecular viscosity work were ascertained at slope *0*987. The reason for 
choosing this particular value has already been given. 

On finding values of the ratio 

Molecular viscosity work at slope ’0*987 
Molecular viscosity work at slope "0*323 * 

for as many substances as could be compared at the two slopes, numbers which were 
practically the same were obtained; the mean value of the ratio being 1’880, with 
an average divergence of ’034, or 1’8 per cent. 

As the number of liquids was insufficient to admit of an independent determination 
of the fundamental constants, from the constancy of the above ratio it was assumed 
that the fundamental constants obtained at slope ’0*323, if multiplied by 1*88, would 
apply at slope ’0*987 ; the values thus obtained are given below. 


Fundamental Viscosity Constants (Molecular Viscosity work at Slope ’0*987). 


Hydrpgen. 

H 

- 64 

Carbon.. 

O 

278 

Hydroxyl-oxygen.C—O—H 

V 

188 

Ether-oxygen.C—O—C 

0 < 

73 

Carbonyl-oxygen.C==0 

4 

\ / 

- 36 

Sulphur. 

s 

271 

Chlorine (in monochlorides). 

Cl 

167 

Chlorine (in dichlorides). 

Cl' 

154 

Bromine (in monobromides). 

Br 

284 

Bromine (in dibroraides) ...... 

Br' 

278 

Iodine. 

I 

410 

Iso grouping. 

< 

- IS 

Doable-linkage .. 

<=*) 

-179 

Ring-grouping.. 

[ 1 ® 

-694 


The comparison of the observed numbers with those calculated by means of the 
above constants is given in the following table:— 



















Molecular Viscosity-work at Slope *0 4 987. 





Observed. 

Calculated. 

Difference 
per cent. 

Octane. 

1113 

1072 

3*7 

Ethyl iodide , . *. 

Propyl iodide. 

Isopropyl iodide. 

Iflobutyl iodide. 

Allyl iodide. 

637 

794 

790 

924 

737 

646 

796 

781 

931 

745 

- 1*4 
-0*2 

1*1 

— 0*8 
-H 

Isobntyl bromide. 

841 

805 

4*3 

Ethylene bromide. 

821 

856 

-4*3 

Propylene bromide. 

977 ’ 

1006' 

-2*9 

Isobutylene bromide .... 

1157 

1141 

1*4 

Acetylene bromide. 

747 

705 

5*6 

Ethylene chloride. 

603 

608 

1 

-0*8 

Methyl propyl ketone .... 

721 

714 

1*0 

Diethyl ketone. 

718 

714 

0*5 

Formic acid. 

301 

298 

1*0 

Acetic acid. 

462 

448 

3*0 

Propionic acid. 

610 

598 

2*0 

Butyric acid. 

766 

748 

2*3 

Isobutyric acid. 

764 

733 

4*1 

.. ■ . 1 r j 

Acetic anhydride. 

731 J 

729 

0*2 

Propionic anhydride .... 

1006 

1029 

- 2*3 

Benzene. 

579 

587 

- 1*4 

Toluene. 

740 

737 

0*4 

Ethyl benzene. 

900 

8 87 

1*4 

Ortho-xylene. 

895 

887 

0*9 

Meta-xylene. 

886 

887 

-01 

Para-xylene. 

890 

887 

0*3 


In the above tables the agreement between observed and calculated values is prac¬ 
tically the same as at the smaller slope; the mean percentage difference is about 1*8 
per cent. It is noticeable that in the case of the dibromides the differences are 
uniformly larger than in the case of the other liquids. 

It is also evident that although the relations between the isomeric chlorethanes are 
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the same as at the smaller slope, the values of thelsomeric aromatic hydrocarbons do 
not arrange themselves in the same order. Of the isomeric xylenes the ortho-isomer 
has still the largest molecular viscosity work, bat para-xylene has now a value which 
is slightly larger than that of meta-xylene. The value for ethyl benzene is no longer 
intermediate to that of ortho- and meta-xylenes, but is the greatest of all the values 
given by the four isomers. The numbers are now in the same order as the magnetic 
rotations of the substances. Whether these small variations in the relative magni¬ 
tudes of the values of the molecular viscosity work are real, or merely the result of 
imperfections in Slottb’s formula, cannot at present be definitely decided. 

The halogen compounds, and water, which are not included in the preceding table, 
give values which are related to those of the other compounds in the same way as at 
slope - 0 4 323. This is seen in the following table, where the observed values of the 
halogen compounds at the two different slopes are compared with the values calculated 
by using the value of chlorine in monochlorides. The calculated value for water is 
obtained from the value of hydroxyl oxygen deduced from the acids. 



Slope *0^323. 

Slope *0 4 987. 

Obs. 

Cal. 

Diff. 
per cent. 

Obs. 

Cal. 

Diff. 

per cent. 

Ethylidene chloride . . 

312 

338 

8*3 

578 

634 

9*7 

Chloroform. 

328 

381 

161 

615 

715 

16*2 

Carbon tetrachloride 

406 

504 

241 

751 

946 

26*0 

Tetrachlorethylene . . 

497 

557 

121 

903 

1045 

15*7 

Water. 

55 

30 

- 45.5 

105 

56 

-46 6 


From the agreement between the magnitudes of the percentage differences given 
at the two slopes, it is evident that the peculiarities exhibited by these substances at 
the smaller slope still persist at the large slope, and are thus independent of the value 
of the slope at which the comparisons are made. The discussion of the values of 
these substances already given at slope '04323 is thus applicable to the values at slope 
•0 4 987. 

As already pointed out, the agreement of the differences in the case of water and the 
behaviour of the fatty acids at the widely separated temperatures of the two slopes 
indicate that even in the case of liquids such as these which contain molecular 
aggregates, the relationships obtained are also independent of the particular value of 
the slope at which the comparisons are made. 
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Bromine and the Alcohols. 

In the following table the observed values of bromine and the alcohols are 
compared with the values calculated from the fundamental constants, which it must 
be remembered have been exclusively deduced from observations on the other liquids. 



Observed. 

, Calculated, 

. 

Difference 
per cent. 

Bromine. 

490 

556 

- 13-5 

Methyl alcohol. 

260 

206 

208 

Ethyl alcohol. 

367 

356 

30 

Propyl alcohol. 

Butyl alcohol. 

449 

506 

- 12*7 

570 

656 

- 15*1 

Allyl alcohol. 

434 

455 

- 4*8 

Isopropyl alcohol. 

Isobntyl alcohol. 

405 

491 

— 21*2 

529 

641 

-21*2 

Inactive amyl alcohol.... 

681 

791 

— 16*1 

Active amyl alcohol . . * . j 

654 

791 

- 20 9 

Trimethyl carbinol . . . . 

480 

611 

-27 3 

Dimethyl ethyl carbinol . . . 1 

527 

761 

-44*4 

i 


Bromine .—The calculated number for bromine is deduced from the dibromides. 

It is evident that the value calculated in this way differs considerably from that of 
free bromine. The divergence is much greater than in the case of molecular 
viscosity. 


The Alcohols. 

The results given by the alcohols show that the behaviour of this series of sub¬ 
stances is peculiar at this as at other conditions of comparison. The large differences 
between the calculated and observed values prove that the fundamental constants 
which served for calculating the values of the other substances do not apply in the 
case of the alcohols. The divergences are no doubt to be attributed to the presence 
in the liquid alcohols of molecular aggregates which have a complexity different from 
those of the acids, and in what follows the attempt is first made to ascertain if the 
magnitudes of the numbers given by the alcohols, affected as they are by complexity, 
are related to one another or to the chemical nature of the alcohols. 

Normal Alcohols.—On comparing the values given by the normal primary alcohols, 
the effect of OH s still appears to be constant, but instead of being 150, as in the 
case of other homologous series, is now reduced to 104. The comparison of the 
observed and calculated values using CH a = 104 is given in the following table, the 
value of methyl alcohol being taken as the starting point of the calculated numbers 
mdoocxciv.— a . 4 s 
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> 

Difference. 

Observed. 

Calculated. 

Methyl alcohol. 

260 

260 

: 

Ethyl aloohol. 

367 

364 

s 

Propyl alcohol. j 

449 

468 

— 19 

Butyl alcohol. 

i 

570 

572 

I 

— 2 


In deducing the value of CH a the molecular viscosity work of propyl aloohol was 
ignored, as there is little doubt, from the low boiling-point of the sample, that its 
viscosity is affected by impurity. It is conceivable, of course, that the discrepancy 
in the case of this alcohol may be due to mathematical treatment of the results, for 
in the case of the alcohols Slottk’s formula is least satisfactory, as drfjdt is so large 
that a small error in determining the slope corresponds to a large error in the 
ascertained viscosity. In this particular case, however, a graphical method of 
obtaining the slope led to practically the same result as the analytical method. The 
difference in the case of propyl alcohol is about 4 per cent., and in the case of ethyl 
and butyl alcohols the differences are only about '6 per cent. It is therefore probable, 
that in normal primary fatty alcohols, CH S , as in other homologous series, corresponds 
to a constant change in molecular viscosity work, and that the magnitude of this 
change differs from that in other series, and is about 104 units. 

A primary straight chain alcohol may be represented as 

H(CH s )„OH, 

on deducting values of «CH 2 , that is, n(104), from the observed values of the alcohols, 
the differences obtained correspond with the value of H... OH. 

The data are given in the table :— 


n. 

H(CH a )„OH. 

?fCH s (calculated). 

H...OH. 

i (observed). 

1 

260 

104 

156 

2 

367 

206 

159 

3 

449 

812 

187 

4 

570 

416 

154 


Propyl alcohol, as before, gives a number differing considerably from the others; 
excluding this, we conclude that the probable value of H... OH is 156. 
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Isomeric Alcohols .—The following table contains the observed values for the 
different groups of isomeric alcohols:— 


Propyl alcohol. 

449 

Isopropyl alcohol. 

405 

Butyl alcohol. 

570 

Isobutyl alcohol. 

529 

Trimethyl carbinol. 

480 

Inactive amyl alcohol . . , , . 

081 

Active amyl alcohol. 

654 

Dimethyl ethyl carbinol .... 

527 



It is evident that although simple quantitative relations do not exist between 
corresponding members of the different classes of isomeric alcohols, yet the magnitudes 
of the molecular viscosity work vary in a regular way with the chemical nature of 
the substances. 

A. normal alcohol has a larger value of the molecular viscosity-work than an isomeric 
iso-primary, or iso-secondary alcohol, and an iso alcohol has in turn a larger value than 
an isomeric tertiary alcohol. Of the two primary amyl alcohols, isobutyl carbinol 
has a larger value than secondary butyl carbinol. All the values conform to the rule 
that the higher the boiling-point, the higher is the molecular viscosity work. It is 
also seen from the table that the difference between a normal and an iso alcohol 
is now about 40 units as compared with 15 in the case of other compounds. 

On comparing the values of allyl alcohol and normal propyl alcohol with those of the 
corresponding iodides, the behaviour of the alcohols is again seen to be peculiar. 


----- 

Alcohol. 

Iodide. 

Propyl. 

449 

794 

Allyl. ; 

434 

i ; 

737 

i 

15 

57 


, From the whole of these comparisons it is clear that in the case of the alcohols the 
values of the molecular viscosity work vary largely with the chemical nature of the 
substance. In order to obtain some estimate of these variations and to see if they 
are subject to any general rule, the observed values for the brancbed-chain alcohols 
are, in the following table, compared with those calculated by means of the numbers 

4 s 2 
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obtained from the normal primary alcohols for CH 8 and H ... OH, no allowance being 
made for the branching of the atomic chain, &c. 



(observed). 

ffd $ (calculated), 

__ r ____ 

Difference. 

Isopropyl alcohol. 

405 

468 

- 63 

Isobutyl alcohol. 

529 

572 

- 43 

Tertiary butyl alcohol . . . 

480 

572 

- 92 

Inactive amyl alcohol . . . 

681 

676 

5 

Active amyl alcohol . . . . 

654 

67 6 

~ 22 

Dimethyl ethyl carbinol . . . 

527 

676 

— 149 


If the alcohols be now arranged in the order of the divergences from the calculated 
values, on writing out their formulae at length and so arranging that the HO group is 
placed at the end of each formula, there is at once an obvious relation between the 
constitution and the magnitude of the divergences. 



Divergence. 

i 

Forniu la. 

Inactive amyl alcohol . . 

+ 5 

ch 3 . 

>ch.ch 3 .ch 3 oh 

ch/ 

Active amyl alcohol. « . 

-•* 

CHj.CHjv 

>ch.ch 3 oh 

ch/ 

Isobutyl alcohol .... 

- 43 

ch 3X 

>ch 3 .choh 

ch/ 

1 

Isopropyl alcohol . . . 

- 63 

ch 3X 

>CHOH 

ch/ 

Trimethyl carbinol . , . 

- 92 

i 

CH.\ 

CH s >COH 

CHg 

Dimethyl ethyl carbinol . 

I 

-149 J 

1 

CEf 8\ „ 

CHg-vCOH 

ch 3 ch/ ! 


In alcohols with two branches in the chain the more nearly the branching takes 
place to the HO group, or the nearer the rest of the molecule is to the HO group the 
larger is the divergence. If there are three branches in the chain the divergence is 
greater than if only two branchings occur, and is also greater the higher the 
molecular weight of the alcohol. The divergence of the value for an alcohol with a 
branched chain from that of the corresponding straight chain compound is thus a 
function of the proximity of* the rest of the molecule to the HO group. In the case 
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of inactive amyl alcohol, the branching tak«3 place so far from the HO group that it 
gives practically the value of a straight chain alcohol. 

The same result is apparent on comparing the deviations from the calculated values 
of the isomeric alcohols. 



Divergence. 

Formula, 

Propyl alcohol. 

- 19 

CH 3 CH 9 CH 3 OH 

Isopropyl alcohol. . . 

- G3 

ch 3 , 

>CHOH 

ch/ 

Butyl alcohol. 

i 

- 2 

ch 3 ch 3 ch 3 ch 3 oh 

Isobutyl alcohol .... 

- 43 

i 

ch 3X 

>chch 3 oh 

ch/ 

Trimethyl earbinol . . . 

- 02 

ch 3 \ 

chAcoh 

ch/ 

Inactive amyl alcohol . . 

5 

CH 

/ch 3 chch 3 oii 

ch/ 

! 

1 Active amyl alcohol . . . 

- 22 

CH 3 CH 3X 

>chch 3 oh 

ch/ 

Dimethyl ethyl carbinol . 

—149 

CH s CH 3 \ 

ch s -)coh 


The divergence is least in the case of the primary alcohols and is less for a 
secondary than for a tertiary alcohol. Of isomeric primary alcohols the one in 
•which the branching of the chain occurs nearest to the hydroxyl group exhibits the 
largest deviation. Only one secondary alcohol occurs in the table, but of the two 
tertiary alcohols the one of higher molecular weight has the larger deviation. 

The values given by the alcohols although at first sight apparently anomalous 
are thus seen to be subject to regularity ; moreover they indicate most clearly that 
to the presence and relationships of the (HO) group in the fundamental molecule are 
to be ascribed the apparent discrepancies. 

Now it has already been indicated that the slope of the alcohol curves and indeed 
the whole general behaviour of the alcohols point to the presence of molecular 
aggregates in these liquids. It has also been stated that those liquids, which from 
various independent considerations give the most marked indication of containing such 
aggregates, are hydroxyl compounds. Hence it is most probable that the anomalous 
values for the viscosity magnitudes exhibited by the alcohols, more especially since 
they can be connected with the presence of HO, are the result of the presence of 
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molecular aggregates in the alcohols at the temperature of comparison. The values 
used for the molecular viscosity work in the case of the aloohols are therefor® not the 
actual values of this quantity, since they involve the theoretical molecular weights 
instead of the actual liquid molecular weights of the substances. They can, therefore, 
not be taken to represent the same magnitude as is dealt with in the case of simply 
constituted liquids, but serve only to indicate how the simple relationships which hold 
for such substances are complicated by the presence of molecular complexes. 

It would be interesting, no doubt, to ascertain with such data as are to hand, the 
actual value of the viscosity magnitudes, calculated from liquid molecular weights. 
But until the theoretical basis of Eoxvos’s method of estimating molecular complexity 
has been definitely established we do not see that much will be gained by instituting 
such a comparison. 

We are indeed inclined to believe that the question of the actual extent of the com¬ 
plexity will not be settled by the study of one single property but by a comparison of 
as many properties as are more or less immediately related to the acting molecule of 
a liquid substance. 

Results Obtained from Associated Liquids. 

The most satisfactory method of showing the presence of complexes in the hydroxy 
liquids which we have examined would be to compare the observed values with those 
calculated by means of the effect produced by hydroxyl oxygen in simply constituted 
liquids. The general conclusion which seems to flow from the physico-chemical 
evidence at present accumulated is, however, that a simply constituted hydroxy 
compound does not exist; all hydroxy compounds seem to contain molecular aggre¬ 
gates. Hence, the most that can be done is to show that the value of hydroxyl 
oxygen which applies to one series of substances, does not apply to another, and 
that, in the case of the same series, owing to variations in the complexity of indi¬ 
vidual members, the differences between the observed and calculated values are 
larger than in similar comparisons involving simply constituted liquids. Evidence 
may also be obtained on comparing the effects produced by a definite change in 
chemical composition on the viscosity magnitudes of the hydroxy liquids with those 
produced by the same change in the case of simply constituted liquids. 

The varying values which, by the preceding mode of treatment, may be ascribed to 
hydroxyl oxygen in the acids, water, and the alcohols, and which may be affected to 
some extent by chemical constitution as well as molecular complexity are as follows. 
The value of hydroxyl oxygen originally used was derived from the numbers given by 
the acids wherein the “ rest" contained the unsaturated carboxyl group, so that the 

value of'b =s 3|84 refers only to the acids. In the case of water, it has been shown 

that here the value of d derived from the acids no longer applies. If the value of 



BETWEEN THE VlSOOSlTT OF LIQUIDS AND THEIR CHEMICAL NATURE. 687 

hydrogen be taken to be normal, and to be H = — 64, tbe value of oxygen in water 
w 165 + 128=* 238. 

In t be normal alcohols, since H . . . OH —156, using the normal value for 
hydrogen, 

0 = 156 -f 128 ss 284. 

The values which may thus be ascribed to oxygen, when linking hydrogen to the 
various groups in these compounds, are given below. 


(CO)_0—(H). Linking hydrogen to carboxyl in an acid = 180. 

(H)—O—(H) „ „ hydrogen in water = 233. 

(Hj_o_(H) „ „ a saturated rest in a normal alcohol = 284. 


The value which, by the above method of calculation, may be ascribed to O, is seen 
from the table to be larger for water than for an acid, and largest of all for an alcohol. 
The preceding discussion has also shown how the behaviour of the alcohols is probably 
related to the effect which the (HO) group exerts upon the rest of the molecule, and 
it is now indicated that this effect is greater in the case of an alcohol than in that of 
any other of the liquids examined. 

The values for CH 2 given by the viscosity coefficients of the acids, it will be 
remembered, varied irregularly as the series was ascended. The same is true for the 
values given by molecular viscosity and molecular viscosity work. 

Although in these latter cases the mean effect of CH 2 is not far removed from that 
of simply-constituted liquids, coupled with the peculiar behaviour of isohutyric acid 
as compared with other iso compounds, the irregularities observed point to the 
peculiar behaviour of the acids which is so obvious in glancing at their viscosity- 
curves and which is no doubt to be ascribed to molecular complexity. 

The normal aloohols appear to give a constant value for CH 2 , which is decidedly 
different from that given by simply-constituted liquids. Moreover, the variation in 
the numbers for isomeric alcohols is enormous when compared with that given by the 


other liquids, the acids included. 

All the above facts point to the molecular complexity of the hydroxy liquids 
which we have examined, and also to the conclusion that if complexity, as dis¬ 
tinguished from the purely chemical constitution of simple molecules, is the sole 
cause of the irregularities, it exerts a much more profound effect m the case of the 
alcohols than in any of the other liquids. This last conclusion is further supported 


by the comparisons made at different slopes. 

It will be remembered that, on passing from one slope to another, the vxscosi y 
magnitudes of water and the acids alter to the same extent as those of the 
Sr liquids. The alcohols, however, do not follow the same rule, for ’ «® 
will be seen later (p. 692), on passing to a new slope, the extent to whic e 
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viscosity alters is different for each alcohol and is related to its chemical nature. 
These results are but additional expressions of the marked differences which 
obviously exist between the viscosity-curves of the alcohols and those of all the 
other liquids. 

Conclusions relating to Molecular Viscosity Work at Equal Slope. 

The results here obtained are of precisely the same nature as those discussed under 
molecular viscosity. More detail has been given to show that the substances 
which give deviations from the calculated values fall into two classes. In the first 
the deviations are to be attributed to chemical constitution, as similar disturbing 
effects may be detected in the magnitudes of other physical properties which do not 
seem to be affected by molecular complexity. In the second are those substances 
like the acids, water, and the alcohols, for which the disturbing faotor is, no doubt, 
molecular complexity, the effect produced in this way, in the case of the aloohols, 
being dependent upon their chemical nature. 


Generality of the Results Obtained at Equal Slope. 


One of the most important points which has to be discussed in connection with any 
physico-chemical investigation is the question of the generality of the results. Will 
the relationships obtained at one series of comparable temperatures be the same at 
any other series chosen according to the same system, but having different magnitudes 
from those first employed ? For example, will relations between specific molecular- 
volume measured 'at the ordinary boiling-point be the same at other temperatures 
of equal vapour pressure ? 

In the case of viscosity the question is: Are the results obtained independent of 
the magnitude of the slope ? It has already been shown that on comparing as many 
liquids as could be compared at slopes *0 4 323 and *0 4 987, practically the same results 
are obtained in each case. Instead, however, of testing the question by means of a 
method like the above, which relates to particular cases, it is possible to treat the 
question in a general way by employing Slotte’s formula. 

From rj = c/(o + t) n } it follows that — drj/dt, or the slope S, is given by 


S = 


nc 


(* + 


and 


s«~» = ( ^Y A '“" X = i ,-~r., Wtxw 

\ r ) (« + 0 " p (* + 0 * 

( c 

p=w) * 
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Consequently, 

^ = pS tt/(a+J) 

where rj is expressed in terms of the slope. 

Let ij Al , 17 B,> "> 70 i» Ac.* be the viscosity coefficients of the liquids A, B, C, &c., measured 
at the slope 8 lt and let rj A ^ tjb,, 7] Ct> &c., be the corresponding coefficients at the slope 

S s . 

Then, if the relations between rj Ai , v) Bl , t) C i> &e., are the same as those between 
rf Kt> 17 ^, 17 ^, &c., that is, if the relations are to be independent of the value of the 
slope, it is evident that the ratios 

vjv B,. Vcjvc &c., must be equal. 

But rj Ai , i) Bl , &c., can be expressed in terms of the slope S lf and may be written 

p A S^-a+u + &c., 

and 174 ,, 17 a,, Ac., can be in the same way expressed in terms of the slope S a and 
written 

PA S a "^ + I >, p„S a ”^ ! » + 1 >, &c.j 

and hence, if the relationships between ij Al , ij Bl , ij c ,, Ac., are to be the same as those 
between rj At , 17 ^, rj c ,, Ac., it follows that the values of ratios 

(Si/S 4 ) b * /( " a + 1) , (S 1 /S a )“ ,/( *» +I) , Ac., must be equal, 

and since in comparisons at equal slopes and S a have the same value for all the 
liquids, it follows that the comparisons will be independent of the slope if 

n A /(n A -f- l) — %/(% + 1) — Ac. 

That is, if n A = n B — n c , See. 

So far as Slotte’s formula goes, it is thus indicated that for the comparisons to be 
general the value of n should be the same for all the liquids. 

It has already been stated that, from the mode in which n is deduced, its value is 
affected by circumstances more or less accidental. It is satisfactory, however, to find, 
on comparing the values of n for all the liquids, with the exception of aldehyde and 
the alcohols, that the variation is comparatively small. 

The following table contains the mean value of n as given by the different series of 
liquids, the alcohols and aldehyde excluded:— 


MDGOOX&V.—A. 


4 T 
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Values of n. 

10 Patty hydrocarbons. 

6 Iodides.. 

V9 

1-7 

9 Bromides.. . . . , 

1*8 

10 Chlorides. 

1-7 

5 Acids... 

19 

4 Ketones. 

1-9 

2 Anhydrides. 

1-7 

4 Sulphur compounds. 

6 Aromatic hydrocarbons. 

1*7 

1-7 

Nitrogen peroxide. 

17 

Water. ... . 

15 

Ethyl ether. 

1*5 

Bromine. 

1*4 

Mean of means. 

176 


From the 60 liquids above given, it is evident that the value of n is, in general, 
between 1*6 and 1*9, and does not differ much from 1*76. 

From this mean value it is possible to calculate the value of the ratio of the 
viscosities at the slopes employed, that is, the value of 


Viscosity coefficient at slope '0 4 987 
Viscosity coefficient at slope '0*323 ’ 


for, by the previous discussion, the ratio is equal to 

(S 1 /S a )’ ,/( " + or (*0 4 987/*0 4 3 23) lwa ' 7fl , 

which is equal to 2*04. 

The mean value of this ratio obtained directly for the 33 liquids which could 
be compared at the two slopes, was, as already stated, 2*03, which closely agrees 
with the value obtained above by using the value of n deduced from the whole of the 
60 liquids included in the table. 

From the reasons already given regarding the unsatisfactory character of the 
method of obtaining the constants in Slotte’s formula, this agreement is of consider¬ 
able importance, and seems to indicate that formul© may yet be obtained of the type 
used by Slotte in which n is the same for all substances such as those under con¬ 
sideration. 

If this should be possible, sinoe 

it is evident that p is the quantity peculiar to each liquid which should be used in 
chemico-physical comparisons. If, at present, values of p be found for each liquid 
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by means of the varying numbers obtained for n, these values can in general < 
not be directly connected with the chemical nature of the substances, for such 
fortuitous variations in the value of n as those given by pentane and isopentane 
mask general relationships. 

It is indicated that the general relation which connects the viscosities of all 
the foregoing liquids with the slope is 

(vM = (S.W 377 , 

so that knowing at the slope Si, it is possible to calculate its value at' the new 
slope S s . 

The Alcohols .—As already stated, one formula of the type used by Slotte was not 
capable of representing with sufficient accuracy the observed values for the higher 
alcohols over tbe entire range between 0° and the boiling-point. It has already been 
stated, and it is evident from the table on p. 578, that even when several short range 
formulae are employed the values obtained for n are markedly in excess of the 
average value 1*76 obtained from the other substances. It is also evident from the 
different formulae obtained from the same alcohol that the value of n is not constant 
but falls as the temperature rises. This variation Would probably take place in the 
case of any experimental curve if several formula were deduced according to the 
method employed, inasmuch as a similar change is noticeable in the values of n as 
given by the formula for water. 

This variation indicates that the magnitude of u is dependent upon the particular 
region of the curve to which the formula refers, and when it is remembered that for 
no two liquids is the portion of the curve compared between 0 and the boiling-point 
of the same extent, the variation lends further support to the idea that with such a 
method as that employed in deducing Slotte’s formula, little stress need be put upon 
such slight changes in the value of n as have been found for the majority of the liquids. 

The general mean of the 22 values obtained for n in all the formulae relating to 
the alcohols is 3*53, and this value differs so much from the mean value 176 obtained 
for the other liquids, that it is without doubt connected with the generic difference in the 
behaviour of the alcohols which is expressed in the peculiar shape of their viscosity 

This large value for n, especially when it is borne in mind that for the alcohols b 
has also large values, also indicates that at a larger value of the slope their viscosity 
coefficients will not be related to those of the other liquids in the same way as at 

slope *0 4 987, but will be relatively larger. ... 

From the unsatisfactory nature of the formula for the alcohols, it was not possible 
to estimate this difference by a general method. A new value of the slope was 
therefore chosen, and the corresponding values of y determined for the alcohols, and 

as many as possible of the other liquids. . . 

The value of the slope which appeared to be the most suitable was *0 3 7498, vis., that 

4 T 2 



092 MESSRS. T. E. THORPE AND J. W. RODGER ON THE RELATIONS 

possessed by butyric acid at 0°. At this value of the slope, only 5 liquids other 
than the alcohols could be compared, and in the following tables are given the values 
of iq and t the temperature, for these liquids at the previous slope *0*987, and the new 
slope *0j4798. As before, i) is expressed in dynes per sq. centim. X 10 s . 



Slope *0<987. 

Slope *0 a 4798. 


f. 

V* 


V * 

Formic acid. 

71-7 

758 

137 

2057 

2*77 

Butyric acid. 

65-7 

796 


2283 

2-87 

Ethylene bromide , . . . 

68'8 

906 


2397 


Propylene bromide .... 

667 

893 

- 27 

2425 

2 71 

Isobutylene bromide . . . 

83-3 

875 

147 

2400 

274 

Mean . . . * . 

274 


Here it is again evident that the coefficients are related at slope *0 3 47 9 8, in 
practically the same way as at slope *0*987, as the value of the ratio of the viscosities 
at the two slopes is practically constant and equal to 2*74. It is also significant that 
the value of the ratio calculated on the assumption that n has the mean value 1*70, 
by means of the formula 

(*0 8 479 8/ *0*9 8 7) l 76/2 76 

is exactly the value found above, viz., 2*74. 

This goes to show that at temperatures which differ so widely as those of the 
original slope *0*323 and of the final slope *0 8 47 9 8, the difference being about 140°, the 
viscosity coefficients are related in practically the same way, even in the case of 
liquids like the acids and the dibromides. 

With the aloohols, however, this is not the case. The following table contains the 
values of the alcohols at slopes *0*987 and *0 S 4798. Methyl alcohol is not included in 
the tables, as the temperature corresponding with the larger slope appears to be as 
low as — 48°. 
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Slope '0*9)57. 

Slope *0 8 4798. 

vlv"- 


V • 


U 

*1 * 


0 


0 



Ethyl alcohol. 

58’5 

606 

- 9-85 

2191 

3-61 

Propyl alcohol. 

86’5 

560 

25-4 

1976 

3-53 

Butyl alcohol. 

956 

575 

35-6 

1980 

3*44 

Isopropvl alcohol .... 

829 

490 

31-7 

1673 

3-41 

Isobntyl alcohol .... 

99*6 

525 

46-9 

1747 

3-33 

Inactive amyl alcohol . . . 

105-2 

574 

497 

1865 

3-25 

Active amyl alcohol . . . 

1047 

555 

63-7 

1745 

814 

Trimethyl carbinol.... 

90-9 

461 

49-0 

1495 

3-24- 

Dimethyl ethyl carbinol . . 

939 

490 

49T 

1500 

3-06 

Allyl alcohol. 

631 

610 

4-3 

1946 

319 


The value of the ratio i/'/r/, instead of being 274, is now considerably greater, 
being on the average 3’33. It is thus evident that the mode in which the magnitude 
of the viscosity coefficients of the alcohols varies with the value of the slope is different 
from that of the whole of the other liquids. It is further indicated that, although the 
value of the ratio is somewhat the same for all the alcohols, yet it depends to some 
extent on their chemical nature, as it is smaller the higher the molecular weight for 
alcohols of like constitution, and, in the case of alcohols of the same molecular weight, 
it is smaller the more branched the atomic chain, or the lower the boiling-point, as is 
seen from the following table :— 


Propyl. 

. 

3-53 

Butyl. 

3-44 

Inactive amyl .... 

3-25 

Isopropyl .... 

■ 

i 

3-41 

Isobutyl. 

Trimethyl carbinol . 

3-33 

324 

Active amyl. 

Dimethyl ethyl carbinol . 

314 

306 


It is thus apparent that not only are the magnitudes of the viscosity coefficients of 
all the alcohols determined at any one slope, peculiar, but also the manner in which 
the values of the coefficients change with the slope. With such data as are to hand, 
it would seem that relations between the viscosity coefficients of the other liquids are 
of the same kind, no matter what slope be used. The mode in which the values for 
the alcohols are related to those for the other liquids depends, however, on the slope, 
land, further, the relations between the values for the alcohols themselves seem to 
depend pn the value of the slope, and to suffer slight variations which are related to 
their chemical nature. 

There is little doubt that methyl alcohol behaves in the same way as the higher 
alcohols, for the value given by it for the quotient 
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t) at slope -0,98 7 
*7 at slope *0 4 323 

was 2*24, which is higher than the mean value given by the other liquids, via., 2*08. 

Here we again have definite evidence that the alcohols exhibit peculiarities which 
have no existence in the case of the other liquids. Even the acids which, like the 
alcohols, contain molecular aggregates, give no marked indication of exceptional 
behaviour at different slopes. Between the groups of acids and alcohols there must, 
therefore, be a generic difference which may ultimately be related to the fact that for 
an alcohol the HO group, which is the most active part of the molecule so far as vis¬ 
cosity is concerned, is in connection with a saturated “ rest," whereas, for an acid 
the “ rest ” is unsaturated. 

In the preceding discussion regarding the generality of the results, viscosity coeffi¬ 
cients only have been dealt with; similar conclusions hold, however, for molecular 
viscosity and molecular viscosity work, as the molecular area and molecular volume vary 
so slowly with temperature as compared with viscosity, and the relations between them 
at the temperatures of equal slope are so nearly independent of the magnitude of the 
slope, that the change in the viscosity coefficient itself need alone be considered. 


Comparisons in which a different Slope is employed for each Liquid. 

If it is eventually established that a formula of the type used by Slotte represents 
the true temperature-function of viscosity, and also that in such a formula n varies 
from liquid to liquid, from what has been said it is evident that comparisons at the 
same slope will not be general, but will vary with the magnitude of the slope. 
Under such conditions it is obvious, therefore, that to obtain general results the 
slope must vary from liquid to liquid, and the following method indicates how the 
question may be approached, the conditions to be fulfilled being :— ^ 

(1.) That the comparisons shall be general. 

(2.) That the results obtained shall be related to the chemical nature of the 
substances. 

(1.) For generality, it has already been shown that the following relation must 
hold 

(S Al /S 4 ,r- = (Sb 1 /S Bj )' / ' + ' =, &c. 

Now if S Al , Ac., differ from S*, Ac., that is, if the slope varies from liquid to liquid, 
slopes can be chosen so as to satisfy the above relation in mi indefinite number of ways. 

(2.) It appears, however, from all the preceding comparisons that chemical relations 
will only be made evident when the slopes are nearly the same; hence for chemical 
relations S Al ,S Bl , Ac., must be approximately equal, and, of course, S^, S v Ac., must 
be approximately equal. 

If slopes be chosen, therefore, according to some definite system, and fulfilling the 
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above conditions, the results will be general, and related to the chemical nature of 
the Substance. 

By trial we have found that if slopes be chosen which satisfy the relationship 

(S A ,. n k . c A ,/(n * + •>)"*** + l > = (S Bl . n„. c B ,/(n * + 1) )’“ /<n * + J) = Ac., 
or, 

(S*,. n A . c a ,/( “ a + l) ) n ^ +l) - (S Bj . %. Cb 1/(11 » + »)M- + X) '= &c., 


the condition for generality is fulfilled, the slopes obtained are almost the same, and 
they are chosen according to a system, as the constants employed are c and n, which 
occur in the formulae of the particular liquids. 

The puma conditions are also satisfied if instead of nc ,/<H + J) either (» + 1) c 1/(n + 1) or 
(c/n) 1/( " + I> be substituted in the above equations. 

At all these conditions of comparisons, however, the stoichiometric relationships 
are no more definite than at temperatures of equal slope. We do not propose, 
therefore, in the present state of the question, to give details of the results obtained. 
The above discussion, however, may serve to show how it is possible by means of 
slope comparisons, and with a simple formula like that of Slotte s, to insure that 
the results obtained shall be general, even when n varies. 

The fact that the above somewhat complex methods lead to no better physico¬ 
chemical relations than the simple method of equal slopes, may also be taken as a 
further indication that, at least for liquids in which the molecular complexity does 
not change with the temperature, in a formula of the type employed, if it could 
be made to agree more closely with actual observations, the constant n would 
be the same. This again indicates that at temperatures of equal slope the results 
may be taken to be general as well as comparable. 


Conclusions relating to the Generality of the Results Obtained at the Temperatures of 
Equal Slope, and to the Comparisons in which a Different Slope is Employed 
for each Liquid. 

1. From the preceding discussion it is evident that over such temperature-ranges 
as our observations extend the results obtained at a particular value of the slope 
may be regarded as general for all liquids, with the exception of the alcohols 

where the relationships vary slightly as the slope alters. . . 

2. It is further indicated that in the present state of the question equal slope is 
the most suitable condition at which to compare the viscosities of different liquids. 


Comparisons of the Magnitudes of the Temperatures of Equal Slope. 

Itt the preceding comparisons we have been concerned with the values of the 
various viscosity magnitudes corresponding with points on the viscosity curves 
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At whioh dij/dt is the same for the different substances. Instead of comparing the 
values of the viscosity at these points we may equally well deal with the magnitudes 
of the temperatures at whioh the slope is the same fen: the various substances. In 
what follows an attempt is made to show how the magnitudes of the temperatures of 
equal slope are related to the chemical nature of the substances, and, also, how the 
relationships obtained at any one slope are affected on passing to a new value of 
the slope. 

Temperatures = <' in degrees Centigrade at which the slope is *0600323. 

Homologues. 



i’. 

* Difference. 

Pentane. 


P 

- 5-4 

0 





25-9 


Hexane. 


205 

206 


Heptane. 


411 

230 


Octane. 


641 



Isopentane. 


- 44 

20-4 


Isohexane. 


160 

19-7 


Isoheptane . 


35-7 



Isoprene. 


- 121 

21-8 


Diallyl. 


9-7 



Methyl iodide .... 


429 

18-6 


Ethyl iodide .... 


61-5 

221 


Propyl iodide .... 


83-6 



Isopropyl iodide . . . 


79-9 

17-7 


Isobatyl iodide . . . 

• 9 • f 

97-6 



Ethyl bromide .... 

• • f • 

269 

27-8 


Propyl bromide . . . 

• • 1 « 

64‘7 



Isopropyl bromide . , 


61-6 

24-8 


Isobutyl bromide . . . 

9 * 9 9 

76-4 



Ethylene bromide. . . 

•99# 

147'8 

- 3-2 


Propylene bromide . v 

« « 9 * 

144-6 
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Homologues (continued). 




Difference. 

Isopropyl chloride. 

21°4 

28-8 

Isobutyl chloride *. 

50-2 


Methylene chloride. 

37-1 

56-6 

Ethylene chloride. 

937 


Methyl sulphide ....... 

5-7 

(19-8) 

Ethyl sulphide. 

452 

Dimethyl ketone. 

17-8 

(16 3) 

Diethyl ketone .. 

50*5 


Methyl ethyl ketone ...... 

437 

12-8 

Methyl propyl ketone. 

565 


Formic acid. 

1387 

-15-8 

Acetic acid. 

122-9 

- 6-2 

Propionic acid. 

1167 

21-6 

Butyric acid. 

138-3 


Acetic anhydride. 

99-8 

(71) 

Propionic anhydride. 

1140 


Benzene. 

75-9 

- 8-1 

Toluene. 

67-8 

10-1 

Ethyl benzene. 

77-9 



From the above table it is seen that for most series an increment of CH 3 brings 
about an increase in the temperature of slope, which varies within moderate limits on 
passing from one series to another. The dibromides, the acids, and benzene give, 
however, negative differences, and the dichlorides a large positive difference. These 
irregularities are but further indications of the peculiarities which have already been 
noted in connection with these substances. 

4 IT 


MDOCCXCIV.—A. 
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Corresponding Compounds. 



Iodide. 

Bromide. 

Chloride. 

Acid* 

Alcohol* 


f. 

Diff. 

t\ 

Dilf. 

t\ 

Dia. 

f. 

Dia. 


Methyl . , 
Ethyl . . 
Propyl . . 
Butyl . . 

42-9 

61-5 

886 

• * 

o 

34*6 

28-9 

* • 

0 

26*9 

547 

• * 

0 

• • 

28-3 

• * 

0 

• • 

26*4 
• • 

—93-8 

-61-4 

-331 

» • 

138-7 

122-9 

116-7 

138-3 

—33*6 

76-5 

Isopropyl . 
Isobutyl 

799 

976 

283 

21-0 

51-6 

76-6 

30-2 

26-4 

214 

50-2 

-31-5 

1291 



Allyl. . . 

82*0 

31-2 

50-8 

30-5 

20-3 





Ethylene . 

l * * 

• * 

147-8 

(27-0) 

93.7 






In the case of simply constituted liquids, the same alteration in molecular weight 
brings about approximately the same alteration in temperature. The compound of 
highest molecular weight has also the highest temperature. The complex liquids— 
methyl alcohol and the acids—do not obey these rules, but give large negative diffe¬ 
rences which, in the case of the acids, diminish with rise in molecular weight. 


Normal Propyl and Allyl Compounds. 



Normal propyl. 

Difference. 

Allyl. 


t'. 

Hydrocarbons. 

20-5 

(5*4) 

o 

9-7 

Iodides ;. 

83-6 

1-6 

82-0 

Bromides. 

64-7 

3-9 

60-8 

Chlorides *. 

26-4 

61 

20-3 


Ethylene and Acetylene Bromides. 



Ethylene. 

Difference. 

1 

Acetylene. 

t\ 

i 

t\ 

Bromide 

. 

147*8 

44-8 

1080 


A normal propyl compound has invariably a slightly higher temperature than the 
corresponding allyl compound. The differences thus obtained, unlike what holds for 
the differences in the viscosity magnitudes at equal slope, show no agreement with 
that given hy the dibromides. 
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Isologous Hydrocarbons. 




C*Hj». | 

_ i 

C.H 


C«H 


ft. 


Diff. 

i 

(. 1 

Diff. 

t\ 

Diff. 



• 

0 

0 

0 

o 

, 

o 

5 

- 5-4 

14-8 

-20-2 

67 

-121 


75-9 

6 

20-5 

• • 

• • 

108 

9-7 

1 -55-4 

7 

411 

• • 

• • 

« » , 

• » 

1 -267 

678 

8 

641 

♦ • 

i 

i 

• # 

1 

« # 

; -13-8 

77-9 


On converting a saturated into a straight-cbain unsaturated Hydrocarbon the 
temperature of slope is lowered, amylene giving a larger difference than isoprene or 
diallyl. The large negative values of the differences given by the aromatic hydro¬ 
carbons point to the influence of the ring-grouping, and their variation to the 
anomalous behaviour of benzene already noted. 


Substitution of Halogen for Hydrogen. 



C»H 2 «Br 3 . 

Diff. 

C«H 2 i» +1 Br. 

Chlormetharies. 


n. 

f. 

t\ 



Diff. 

2 

147-8 

120-9 

269 

Methylene chloride 

371 

O 

29-5 

3 

144-6 

89-9 

54-7 

Chloroform .... 

66 6 

38-3 

4 Iso. 

161-3 

84-9 

76-4 

Carbon tetrachloride . 

1049 



On substituting bromine for hydrogen the temperature is largely increased, and 
the amount varies somewhat with the chemical nature of the substance. The succes¬ 
sive replacement of hydrogen by chlorine increases the temperature by different 

amounts. 

Compounds differing by a Carbon Atom. 



t. 

Difference. 



Difference. 

Tetrftchlormeth&ne . . 

Tetraohlorethylene . . 

104-9 

98-4 

o 

-6-5 

Methyl aloohol.... 

Aldehyde ..... 

76-5 

-16-8 

o 

-93 3 


The entire want of agreement between the values of lie differences given in the 

4 v 2 
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above comparisons is, no doubt, the result both of chemical constitution and of the 
molecular complexity of methyl alcohol. 


Isomebs. 


Normal and Iso Compounds. 



Normal. 

Iso* 

. 

Difference. 


f Pentanes. 

o 

- 54 

o 

- 10 

O 

- 4-4 

Hexanes. 

20-5 

45 

160 

Heptanes. 

411 

5*4 

85 7 

Propyl iodides. 

83-6 

37 

79-9 

Propyl bromides .... 

547 

31 

51-6 

Propyl chlorides . . . . 

264 

50 

21-4 

Butyric acids. 

138-3 

92 

1291 


A normal compound has a temperature •which is in general slightly larger than 
that of the corresponding iso compound. The large difference given by the acids 
is, in all probability, the result of complexity. 


Aromatic Hydrocarbons. 



t\ 

Difference, 


o 

o 

Ortho-xylene. 

91-3 

— 13*4 

Ethyl benzene. 

77-9 

- 7-3 

Meta-xylene. 

706 

i 

4*5 

Para-xylene. 

f 

751 j 



The large difference given by ortho-xylene is connected with the striking peculiarity 
in the course of the curve for this substance, as compared with those of the other 
isomers. The temperatures of the other isomers differ at most by some 8°. 


Dichlorethanes. 



f. 

Difference. 


o 

0 

Ethylene chloride . 

937 

-41-5 

Ethylidene chloride . . . . . 

52-2 



The symmetrica] compound has here by far the higher temperature. 
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Isomeric Ketones. 




Difference. 

Diethyl ketone. 

Methyl propyl ketone .... 

0 

505 

565 

0 

60 


Of the two ketones, the symmetrical compound has slightly the lower temperature. 
Here, as in the case of all other comparisons, the chlorethanes differ from the 
ketones. 

Temperatures = t" in degrees Centigrade at which the Slope is '0000987. 

At slope '0*987 the temperature differences obtained on making comparisons of the 
kind given in the preceding tables are practically of the same order as are there 
represented. This result follows from the fact that the ratios of the absolute tem¬ 
peratures of the two slopes are practically constant. 

The mean value of the ratio, 

Absolute temperature at slope '0*323 
Absolute temperature at slope '0*987 

for the thirty-four possible comparisons is 1'23, the average divergence from the 
mean being '017, or about 1*4 per cent. It is also worthy of note that the liquids 
giving the largest divergences were water, benzene, and formic acid; the differences 
were all negative, and about 5'7 per cent, in the case of water, and 3'3 per cent, in 
the case of the other two liquids. 

That the temperature differences are of the same order at any slope was also 
verified by comparisons made at various slopes which are not discussed in this paper. 

It now remains to examine how the temperatures given by the alcohols at slope 
0*987 are related to one another. The results are expressed in the following tables:— 





Homologuss. 



f. 

Difference. 

Ethyl alcohol.. 

58-5 

o 

28-0 

Propyl alcohol .. 

86-5 

9-1 

Butyl alcohol. 

95-6 


Isopropyl alcohol.. 

82-9 

167 

Isobutyl alcohol. 

99-6 

5-6 

Inactive amyl alcohol .... 

105-2 


Trimethyl carbinol. 

909 

2-9 

Dimethyl ethyl carbinol . . . 

93-8 



It is seen from the above table that the differences, although always positive, vary 
to a most marked extent in the case of the alcohols as compared with simply consti¬ 
tuted liquids. 

Normal and Iso alcohols. 



Normal. 

Difference. 

Iso. 

• 

t". 

Propyl . 

Butyl. 

86-5 

95-6 

o 

3'6 

-4-0 ■ 

82°9 

99-6 


Here again the alcohols are peculiar, as the differences are positive and negative, 
whereas for the other liquids the corresponding differences are, in general, positive. 


Normal Propyl and Allyl Alcohols. 




Difference. 


0 

0 

Propyl alcohol. 

86-5 

23-4 

Allyl alcohol. 

63-1 



The large value of the difference given by the comparison of normal propyl and 
allyl alcohols is a further instance of the peculiarities of the alcohols. 
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Temperatures as t"' in degrees Centigrade at which the Slope is *000479. 

In order to ascertain if the values of the temperature differences given by the 
alcohols Would be of the same nature at another slope, values were obtained for the 
ratio 

Absolute temperature at slope -Q 4 987 
Absolute temperature at slope *08479 

Five liquids other than the alcohols, namely, formic and butyric acids, and ethylene, 
propylene, and isobutylene bromides, were also available for this comparison. These 
five liquids gave practically the same values for the ratio, the mean value being 1*24, 
and the average divergence *012, or about *90 per cent. These liquids behave, there¬ 
fore, at the large slope *0 S 479 just as they did at the smaller slopes. The alcohols, 
however, do not obey this rule, for they give ratios which are not the same, but vary 
from liquid to liquid, and are in general less than 1*24. 

The values of t" the ordinary temperatures at slope *0 4 987, and the values of t’“ 
the ordinary temperatures at slope *0 3 479, together with the ratios of these tempera¬ 
tures on the absolute scale, are given in the following table :— 



t" 

t'". 

Ratio. 

Ethyl alcohol. 

58*5 

o 

- 9-8 

1*26 

Propyl alcohol. 

86*5 

25*4 

1*20 

Butyl alcohol. 

956 

35*6 

1*19 

Isopropyl alcohol .... 

82*9 

31-7 

1*17 

Jfiobutyl alcohol .... 

99-6 

46-9 

117 

Isoamyl (inactive) alcohol . 

105*2 

49*7 

1*17 

Active amyl alcohol . . . 

104-7 

53-7 

116 

Trimethyl carbinol . . . 

90-9 

49-0 

1*33 

Dimethyl ethyl carbinol 

93-8 

491 

1*14 

Allyl alcohol. 

631 

4-3 

1*21 



For a normal alcohol the ratio is about 1*21; for an isoalcohol, about 1*17 ; and for 
a tertiary aloohol, about 1*18. The alcohols again differ in their behaviour from the 
great majority of the other liquids, and their peculiarities, as is shown in the above 
table, are related to their chemical nature. 


Conclusions relating to Temperatures of Equal Slope. 

The preceding tables show that: 

1. The magnitudes of the temperatures of equal slope vary in a regular way with 
the chemical nature of the substances, except in the case of liquids like formic acid, 
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benzene, and propylene dibromide, giving viscosity curves which are abnormal when 
compared with those of their homologues. 

2. The temperature relationships may also be regarded as general, and thus 
independent of the value of the slope, except in the case of the alcohols, which, in this 
respect, as in that of viscosity at equal slope, are anomalous. 

General Conclusions regarding Physioo-chemioal Comparisons. 

It is evident from the foregoing tables that the liquids showing irregularity in the 
magnitudes of their temperatures of equal slope are the dihalogen compounds, the 
acids, benzene, ortho-xylene, the alcohols, &c., and these are the liquids which were 
shown both by the graphical and algebraical treatment of our results to possess 
viscosity-curves haying courses which were peculiar as compared with those of the 
majority of other related substances. Although at equal slope the viscosity-magni¬ 
tudes of many of these compounds, the acids included, exhibit more or less different 
relationships, yet when we consider the magnitudes of the temperatures at equal 
slope, the peculiarities of the substances stand out as clearly as before. This points 
to the conclusion that, if the disposition of the curve of a substance is peculiar as 
compared with those of related substances, then no matter how we choose the con¬ 
ditions of comparison the original peculiarity expressed by the curve must still exist 
and may be discovered by regarding the results from different points of view. 

Sinoe the magnitude of the boiling-point of a substance is more or less definitely 
related to its chemical nature, if we choose the boiling-point as the condition of 
comparison, we insure that the temperatures of the substances will exhibit more or 
less definite physico-chemical relationships; and hence the viscosity-magnitudes of 
those liquids which give peculiar viscosity-curves will not be definitely related at the 
boiling-point. This we have seen to be the case. Similar considerations apply in the 
case of other physical properties. 

At equal slope, on the other hand, we have found that the viscosity-magnitudes of 
many of the peculiar substances accord with the regular behaviour of those of most 
of the other liquids, but, as has just been shown, the peculiarities, although they 
no longer exist in magnitudes of the viscosities, are clearly indicated by the magnitudes 
of the temperatures. 

This argument does not necessarily prove that for the purposes of physico-chemical 
comparisons the boiling-point has as much to recommend it as a temperature of equal 
slope; indeed, the latter, both by the results obtained andAom general considerations, 
seems to be by far the more preferable. The real conclusion indicated is that to use a 
system of temperatures of comparison merely for the sake of obtaining and discussing 
the magnitudes of physical properties at those temperatures, is but a partial method of 
arriving at a true estimate of the behaviour of the substances, for that behaviour is 
expressed, not only in the magnitude of the physical property, but also in the 
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magnitude of the temperature. At equal slope the viscosity of benzene, say, although 
its viscosity curve is peculiar, accords with those of higher homologues, and, indeed, 
of most homologous substances. Benzene may therefore be said to be comparable 
with other substances at equal slope, but it has still to be explained why the 
temperature of benzene is higher than that of its higher homologue at equal slope, 
for this temperature relation is the reverse of what holds for almost all simply* 
constituted liquids. 

It follows, therefore, from the above general discussion, (1) that a comprehensive 
view of the physioo-chemioal relationships of a series of substances can only be 
obtained by studying the variation of the physical property over as wide a range of 
temperature as possible; (2) that the graphical or algebraical representation of the 
results so obtained will indicate whether particular members of a series are exceptional 
in behaviour as compared with their congeners ; and (3) if such exceptional behaviour 
occurs, it may be detected either in the viscosity-magnitude or the temperature, no 
matter whether we use the boiling-point, a corresponding temperature, or a tempera¬ 
ture of equal slope as the condition of comparison. 

Other Methods of Obtaining and Comparing Viscosity-magnitudes. 

It might at first sight be supposed that the most suitable method of obtaining 
physico-chemical relationships would have been to deal with the curves expressing the 
relations between temperature and the molecular viscosity (ijd 3 ) or the molecular 
viscosity work (rjcP), instead of concerning ourselves, as we have done, with the 
curves for rj, the viscosity coefficient. 

From the fact, however, that molecular aggregation affects the values of d 2 and d A 
to an extent which cannot at present be satisfactorily estimated, we concluded that 
the question should, in the first instance, be approached by deducing slopes from the 
curves for the viscosity coefficients, and not from curves involving the quantities d 2 
and <P. 

We have, however, made a series of comparisons using curves for molecular 
visoosity, theoretical values of d? being used in obtaining them. The result of this 
method is, that the constants in Slotte’s formula, and the coefficients y8 and y in the 
mo difie d formula, the values of the temperatures of equal slope, and the values 
of the molecular viscosity read off at these temperatures, although differing in 
magnitude from those already given, exhibit amongst themselves practically the same 
general relationships as have already been described. 

The same conclusions apply to the method in which curves for molecular viscosity 
work are employed. 
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XI. Preliminary Report on the Results obtained with the Prismatic Cameras 
during the Total Eclipse of the Sun, April 16, 1893. 

By J. Norman Lockyer, C.B., F.R.S. 

Received February 22,—Read May 10, 1894. 

[Plates 9-11.] 

During the total eclipse of 1871 observations were made by Respighi and myself 
with spectroscopes deprived of collimators, and a series of rings was seen corre¬ 
sponding to the different rays emitted by the corona and prominences. The phenomena 
were so distinct that I made arrangements for a repetition of the observations during 
the eclipse of 1875, and an instrument, which received the name of “piismatic 
camera,” was arranged to photograph the rings.* The chief advantage of the instru¬ 
ment is that it combines the functions of a telescope with those of a spectroscope, and 
gives spectroscopic views of the solar surroundings in each radiation. The object- 
glass employed on this occasion had an aperture of 3f inches and a focal length of 
5 feet, while the prism had a refracting angle of 8 degrees. Two photographs were 
obtained, showing several protuberances in addition to continuous spectrum from the 
corona. 

I again employed this method of observation during the eclipse of 1878, but failed 
to see the rings, the corona apparently giving only a continuous spectrum. 

The method has also been attempted during succeeding eclipses, but on so small a 
scale that the results obtained have not come up to the expectations raised by my 
observations of 1871. Subsequent solar investigations, however, confirmed my 
opinion that this was the best way of studying the lower parts of the sun’s atmosphere, 
providing an efficient instrument were employed. 

As the Solar Physics Committee is now in possession of a prismatic camera of a 
much larger size than those used during the eclipses in question, I determined to 
employ it during the eclipse of 1893, the work on photographic stellar spectra at 
Kensington having given abundant proof of its excellence. The object-glass of this 
instrument has an aperture of 6 inches, and was corrected for the photographic rays 
by the Brothers Henry. The correction is such that it is unnecessary to incline the 
back of the oamera, and hence some of the objections which have been made to the 


mdoccxciv.—A. 


* ‘Phil. Trans.,’ 1878, vol. 169, p. 139. 
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* use of this form of spectroscope are overcome. The large refracting angle of tile 
pr ism employed (45°) obviously increases the value of the instrument for eclipse work. 
This instrument was placed at the disposal of the Eclipse Committee by the Solar 
Physics Committee, and was entrusted to Mr. Fowler, who took the photographs 
at the African station. 

It also seemed important that a senes of similar photographs should be taken at 
another point on the line of totality, even though an equally efficient instrument 
were not available. A spectroscope belonging to the Astronomical Laboratory of the 
Royal College of Science was lent for the purpose by the Science and Art Depart¬ 
ment, and a siderostat used in conjunction with it was lent by the Royal Society. 
These instruments formed part of the equipment of the Brazilian expedition, and were 
placed in charge of Mr. Shackleton, Computer to the Solar Physics Committee. 

The stations chosen were Fundium, on the Salum River, West Africa, and Para 
Curu, Brazil. The weather was fortunately favourable at both places. 

The preliminary reports of work done at the stations named, by Mr. Fowler 
and Mr. Shackleton respectively, are appended; the object of these being to indi¬ 
cate the kind of results obtained. The complete discussion of the results, which will 
occupy some time, will form the subject of a future communication. 

(1.) African Observations. 

The prismatic camera employed at the African station had an aperture of 6 inches, 
the refracting angle of the prism being 45°. Spectra photographed with this 
instrument are 2 inches long from F to K, and rings corresponding to the inner 
corona are about seven-eighths of an inch in diameter. 

As very little idea could be formed of the exposures required, a series of four 
different exposures was repeated three times during totality, a specially long one 
being given near mid-eclipse. 

A complete list of the photographs taken is given in the appended table. Column 1 
contains reference numbers to the photographic plates; column 2 the brand of plate 
employed; column 3 the times of beginning and ending each exposure, as recorded 
by a deck-watch ; and column 4 the amounts of exposure, “ Inst." indicating an 
exposure given as quickly as possible by hand. 

There is a little uncertainty as to the exact time of commencement of totality, 
but there is reason to believe that it occurred at about 2b. 23m. 53secs. by the 
watch. 
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Table of Exposures. 


No. 

Kind of plate. 

Times by deck 
watch* 

Exposure. 

Remarks. 



h. 

m, 

secs. 




1 

Ebwasbs, Isocb. 

2 

17 

20 

Inst, 

About 64 mins, before totality. 

2 

ft 

2 

17 

50-52 

2 secs. 


ti 

3 

ft 

2 

18 

21-29 

8 secs. 


i* 

4 

ft 

2 

18 

55 

Inst, 

„ 5 „ 

it 

5 

»» 

2 

20 

55 

Inst. 

3 „ 

tt 

6 

tt 

2 

23 

19 

Inst. 

i* 4 tt 

n 

7 

Mawbon 

2 

23 

58 

Inst. 

First pboto daring totality. 

S 

ft 

2 

24 

0 

Inst, 



9 

11 

2 

24 

6-11 

5 secs. 


„ 

10 

It 

2 

24 

21-46 

25 secs. 



11 

ft 

2 

24 

48-58 

10 secs. 



12 

11 

2 

25 

2 

Inst. 



18 

11 

2 

25 

14-19 

5 secs. 



14 

1 

j J* 

2 

25 

24-49 

25 secs. 



15 

11 

2 

25 

51-61 

10 secs. 

Abont mid-eclipse. 


16 

Edwards, Isocb. 

2 

26 

10 

Inst. 



17 


2 

26 

12-52 

40 secs. 



18 

?» 

2 

26 

55-60 

5 secs. 



19 

Mawson 

l 2 

27 

10-35 

25 seos. 



20 

tt 

2 

27 

38-48 

10 secs. 



21 

ti 

2 

27 

50 

Inst. 

Last photo in totality. 


22 

Ilford, Isoeh. 

2 

28 

3-8 

5 secs. 

After totality. 


23 

ti 

2 

28 

10 

Inst. 

t» 


24 

it 

2 

28 

11 

Inst. 

»» 


25 

Ilford, Special. 

2 

28 

41-49 

8 secs. 

ii 


26 

ti 

2 

29 

41-43 

2 secs. 

ii 


27 

tt 

2 

30 

42 

lust. 

ii 


28 

Edwards, Isocb. 

2 

31 

42-50 

8 secs. 

ii 


29 


2 

32 

42-44 

2 secs. 



30 

tt 

2 

33 

42 

Inst. 

ii 

) 



Eleven of the plates were developed in Africa, but the remaining nineteen were 
brought to England and developed in the Laboratory at South Kensington. 

Description of Plates 9 and 10. 

For the information of those specially interested, seven typical photographs are 
reproduced in Plates 9 and 10, the scale being twice that of the original negatives. 
A small amount of detail, particularly in the extreme ultra-violet, and in the region 
about G in some of the photos, is lost in the reproductions. 

The principal lines, or rather portions of circles, are those of hydrogen, and the 
fl and K lines of calcium. In Plate 9, the F line is on the extreme right, while the 
two prominent lines near the violet end are H and K. The same lines will he readily 
identified in Plate 10. The orientation of the rings will be gathered from fig. 1 in the 
report on the Brazilian observations. 
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No, 7 (Plat© 9) was taken very shortly after the commencement of totality, the 
exposure being “instantaneous.” At this phase of the eclipse a considerable arc of 
the chromosphere was visible, and its spectrum is therefore shown in addition to the 
spectrum of the higher reaches of some of the large prominences extending beyond 
the moon's limb. It will be seen that at H and K there are almost complete circles 
of chromosphere and prominenoes, the absent portions being of course obscured by 
the moon. One very small prominence is especially rich in lines, including some of 
iron and manganese. 

No. 9 (Plate 10) was taken about 8 seconds later with an exposure of 5 seconds. 
Practically all the chromosphere is now covered by the moon so that only the spectra 
of prominences and corona are visible. With the increased exposure the ultra-violet 
spectrum is considerably extended, and the spectrum of one of the prominenoes 
reaches as far as & in the green. The continuous spectrum of the corona is also more 
strongly represented in this photograph. In this photograph the spectrum trailed* 
slightly at right angles to its length owing to a defect in the driving screw of the 
telescope. 

Nos. 12 and 16 (Plate 9) were taken at later stages with instantaneous exposures. 
They differ from the others only in point of phase. 

No. 17 (Plate 10) was taken on an isochromatic plate with an exposure of 
40 seconds. The spectrum extends from the ultra-violet to the less refrangible side 
of D, D 8 being a well-marked line. The characteristic coronal radiation at X 5315 - 95 
(1474 K) is represented by portions of a well-defined ring at that wave-length. 

No. 21 (Plate 9) was taken shortly before the end of totality, a portion of the 
chromosphere being again visible in addition to numerous prominences. It will be 
seen that one of the smallest prominences is rich in lines and closely resembles that 
which appears in No. 7. 

No. 22 (Plate 10) was taken immediately after totality, the exposure being about 
5 seconds. 

Six of the photographs taken out of totality show bright lines in the same way, . 
but the remainder 6how only the Fraunhofer lines, the thin cresoent of the sun then 
visible acting as a curved slit. The latter plates will be of value, however, as 
comparison spectra for the final reductions. 

A word of caution is necessary with regard to the ill-defined broad ring, a little 
more refrangible than D, which is seen in photograph No. 17. _ Experiments made 
since the eclipse indicate that this particular ring, and possibly other less distinct 
ones which are more refrangible, may be produced by a purely continuous spectrum. 
The isochromatic plates employed have two well-marked maxima of photographic 
action, one at a point a little more refrangible than D, and another about G; this 
appears to explain the origin of the rings in question. 
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(2.) Brazilian Observations 

The prismatic esmera employed iu Brazil was one of 8 inches aperture. The light 
ftma the sun was reflected on to the prisma from the mirror of a siderostat. The 
object glass was a Dallmeyer doublet of 19 inches equivalent focal length; the image 
of the inner corona, therefore, is a ring of 0‘2 inch diameter. 

Before the doublet were placed two prisms of 3 inches clear aperture, with their 
refracting edges perpendicular to the horizontal, each having a refractive angle of 60°. 
The length of the spectrum given by this combination was 1*65 inches from IT to K, 
or 2*3 inches from D a to K. Three specially constructed dark slides, carrying eight 
plates bach (4^ in. X If in.), were employed, the change from plate to plate being 
effected by means of a rack and pinion attached to the dark slides. A complete list 
of the photographs taken is given in the following table :— 


Table of Exposures, 


No. 

Kind af plate. 

Exposure. 

Interval 
of change. 

Remarks. 

1 

Mawflon . 

Inst. 

1| nuns. 

Abont 1J mins, before totality. 

2 

« • * ♦ • * t 

2 secs. 

2 secs. 

Commencement qtf totality. 

8 

51 . 

8 „ 

2 „ 


4 

„ (Stellar) . . . 

Inst. 

2 „ 


5 

M * M • 

51 

2 „ 


6 

}» * . 

5 secs. 

2 „ 


7 

15 ... ... 

30 „ 

2 „ 

i 

8 

55 . 

15 „ 

8 „ 


9 

„ (Stellar) * . . 

Inst. 

^ 55 


10 

Isochromatic (Edwards*) . 

5 secs. 

2 „ 


11 

I 4) 51 * 

30 „ 

2 „ 

1 

12 

1 

T? 55 * 

(SO „ 

2 « 

| Middle of eclipse. 

13 

15 55 • 

Inst. 

2 


H 

♦ 5 *» 

30 sees. 

2 „ 


15 

1) *5 

5 „ 

2 ,, 


16 

Mawson .. 

80 „ 

10 ., 


17 

i 

• • * • • » 

15 „ 

2 „ 


18 

T> (Stellar) . . . 

Inst. 

2 „ 

Last photo in totality. 

19 

! 51 15 * ‘ 5 

5 seoe. 

2 „ 

After totality. 

20 

11 55 ... 

Inst. 

5 „ 

57 

21 

51 *5 ... 

1 ” 

10 „ 

55 »♦ 

22 


, 8 secs. 

20 „ 

55 51 

23 

» • • * 

1 Inst. 

2 „ 

15 11 

24 | 

_ 

" .] 

I 

15 

• • 

55 51 


The exposures were made by means of a shutter, which could be closed end opened 
flpom th$ camera epd with a cord; when this was done as rapidly as possible the 
exposure is tabulated as instantaneous; 

* pm was observed through a finder fixed on the camera, until it was seen that 
totality was very near commencement The exposures were then begun. 

4y2 


i 
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At the beginning of the second exposure the signal that totality had commenced 
was given. 

Between the sixteenth and seventeenth exposures, on a change of slides being 
made, two apparently complete rings were observed on the ground glass screen of the 
camera; they were ooloured green and yellow, and probably correspond to the 1474 K 
and D s lines. 

Fig. 1 shows an enlargement of the 1474 K ring (horn photograph Number 12) 
placed alongside a reduced copy of the corona from a photograph taken by Sohakbkrle 
in Chili. This particular one has been selected, because the exposure was short enough 
to make the lower corona thus obtained comparable with the spectrum ring at 1474 K. 


Kg. 1. 



Comparison of the 1474 K spectrum ring with the lower corona. 


On comparison it will be seen that the prismatic camera has picked out the brightest 
parts of the corona, and where it is strongest, the spectrum ring and the continuous 
spectrum at those points is most intense, whilst a prominence occurring at any part 
of the sun’s limb does not alter the intensity of the ring at the corresponding part. 

Six of the photographs are reproduced in Plate 11, on a scale of three times that of 
the original negative. 

The numbers correspond to those given in the first column of the “Table of 
Exposures.” The parts of circles photographed are chiefly K.H.A. Q and F. 

Description of Plat® 11. 

No. 2 was taken as near the commencement of totality as could be estimated, and 
was probably exposed when the moon had just covered the photosphere. The exposure 
was very short, hut still long enough to over-expose the plate between F and K. 
Beyond K at pne end numerous ultrarviolet lines are shown; while beyond F at the 
other several bright lines are discernible as far as which probably is registered as 
two bright lines. 
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Not. 4 and 5 were taken at a later phase and show semicircles corresponding to 
the principal hydrogen and calcium lines. 

Nos. 11 and 12 are photographs taken near mid-eclipse on isochromatic plates with 
exposures of 90 and 60 seconds respectively. Besides the arcs shown in Nos. 4 and 5 
a complete ring is seen on the less refrangible side of b corresponding to the 
1474 K. line. Still further towards the red are several bright points, marking the 
position of the D 8 ring, but this and those of hydrogen and calcium differ from that 
of 1474 K in being made up of points, whilst the latter is nearly complete. The 
continuous spectrum is also very marked in these photographs, as it is also in others 
of long exposure. 

No. 18 was taken just before totality ended, and a large arc of the chromosphere is 
shown. 
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XII. .4 Dynamical Theory of the Electric and Luminiferous Medium. 
By Joseph Larmor, F.R.S., Felloio of St. John's College, Cambridge. 


Received November 15,—Read December 7, 1893. 
Revised June 14, 1894. 


1. The object of this paper is to attempt to develope a method of evolving the 
dynamical properties of the aether from a single analytical basis. One advantage of 
such a procedure is that by building up everything ab initio from a consistent and 
definite foundation, we are certain of the congruity of the different parts of the 
structure, and are not liable to arrive at mutually contradictory conclusions. The 
data for such a treatment lie of course in the properties of the mathematical function 
which represents the distribution of energy in the medium, when it is disturbed. The 
consequences which should result from the disturbance are all deducible by dynamical 
analysis from the expression for this function ; and it is the province of physical 
interpretation to endeavour to identify in them the various actual phenomena, and in 
so far to establish or disprove the explanation offered. A method of this kind has 
been employed by Clerk Maxwell with most brilliant results in the discovery and 
elucidation of the laws of electricity; he has also been led by its development into 
the domain of optics, and has thus arrived at the electric theory of light. His 
expression for the energy of the active medium has been constructed from reasoning 
on the phenomena of electrification and electric currents ; this procedure offers 
perhaps difficulties greater than might be, owing to the intangible character of the 
electric co-ordinates, and their totally undefined connexion with the co-ordinates of 
the material system which is the seat of the electric manifestations. In the following 
discussion, the order of development began with the optical problem, and was found 
to lead on naturally to the electric one. We shall show that an energy-function can 
be assigned for the tether which will give a complete account of what the eether has 
to do in order to satisfy the ordinary demands of Physical Optics; and it will then 
be our aim to examine how far the phenomena of electricity can be explained as non¬ 
vibrational manifestations of the activity of the same medium. The credit of applying 
with success the pure analytical method of energy to the elucidation of optical 
phenomena belongs to MacCullagh ; he was however unable to discover a mechanical 
illustration such as would bring home to the mind by analogy the properties of his 

medium, and so his theory has fallen rather into neglect from supposed incompatibility 

17.12.94 
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with the ordinary manifestations of energy as exemplified in material structures. We 
shall find that such difficulties are now removed by aid of the mechanical .example 
of a gyratory aether, which has been imagined by Lord Kelvin to illustrate the 
properties of the luminiferous and electric medium. The aether whose properties 
are here to be examined is not a simple gyrostatio one it is rather the analogue of a 
medi um filled with magnetic molecules which are under the action, from a distance, 
of a magnetic system. But the same peculiarities that were supposed to fatally 
beset MacCullagh’s medium and render it inconceivable, are present in an actual 
mechanical medium dominated by gyrostatic momentum. 

2. The general dynamical principle which determines the motion of every material 
system is the Law of Least Action, expressible in the form that 8f(T — W )dt = 0, 
where T denotes the kinetic energy and W the potential energy of the system, each 
formulated in terms of any co-ordinates that are sufficient to specify the configuration 
and motion in accordance with its known properties and connexions; and where the 
variation refers to a fixed time of passage of the system from the initial to the final 
co nfig uration considered. The power of this formula lies in the fact that once the 
energy-function is expressed in terms of any measurements of the system that are 
convenient and sufficient for the purpose in view, the remainder of the investigation 
involves only the exact processes of mathematical analysis. It is to be observed that 
forces which can do no work by reason of constraints of the system tacitly assumed 
in this specification, but which nevertheless may exist, do not enter at all into the 
analysis. Thus in the dynamics of an incompressible medium, the pressure in the 
medium will not appear in the equations, unless the absence of compression is 
explicitly recognised in the form of an equation of condition between co-ordinates 
otherwise redundant, which is combined into the variation in Lagrange’s manner; 
in certain cases (e.g. magnetic reflexion of light, infra) we are in fact driven to the 
explicit recognition of such a pressure in order that it may be possible to satisfy all 
the necessary stress-conditions of the problem, while in other cases (e.g. ordinary 
reflexion of light) the pressure is not operative in the phenomena. There is also a 
class of cases at the other extreme—typified by a medium such as Lord Kelvin’s 
labile sether which opposes no resistance to laminar compression,—where a certain 
co-ordinate does not enter into the energy-function because its alteration is not 
opposed and so involves no work; in these cases there is solution of a constraint 
which reduces by one the number of kinematic conditions to be satisfied, In 
intermediate cases the energy corresp,. nding to the co-ordinate will enter into' the 
function in the ordinary manner. 

3. It is to be assumed as a general principle, that all the conditions necessary to 
be satisfied in any dynamical problem are those which arise from the variation of the 

*A medium has however been invented % Lord Kelvin, containing gyrostatio oeUs composed of 
arrangements of Foucault gyrostats whose cases are imbedded in it, such as give precisely the rotational 
elasticity of the aether. 
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Action of the system in the manner of Lagrange. If these conditions appear 
to be too numerous, the reason must be either that the forcive which compels the 
.observance of some constraint has not been explicitly included in the analysis, or else 
that the number of the constraints has been over-estimated. In each problem in 
which the mathematical analysis proceeds without contradiction or ambiguity to 
a definite result, that result is to be taken as representing the course of the 
dynamical phenomena in so far as they are determined by the energy as specified; 
a further more minute specification of the energy may however lead to the inclusion 
of small residual phenomena which had previously not revealed themselves. 

4, The object of these remarks is to justify the division of the problem of the 
determination of the constitution of a partly concealed dynamical system, such as the 
aether, into two independent parts. The first part is the determination of some form 
of energy-function whioh will explain the recognized dynamical properties of the 
system, and which may be further tested by its application to the discovery of new 
properties. The second part is the building up in actuality or in imagination of some 
mechanical system which will serve as a model or illustration of a medium possessing 
such an energy-function. There have been cases in which, after the first part of the 
problem has been solved, all efforts towards the realization of the other part have 
resulted in failure; hut it may be fairly claimed that this inability to directly con¬ 
struct the properties assigned to the system should not he allowed to discredit the 
part of the solution already achieved, hut should rather he taken as indicating some 
unauthorized restriction of our ideas on the subject. Of course where more than one 
solution of the question is possible on the ascertained data, that one should be pre¬ 
ferred which lends itself most easily to interpretation, unless some of the others should 
prove distinctly more fertile in the prediction of new results, or in the inclusion of 
other known types of phenomena within the system. 

5. In illustration of some of these principles, and as a help towards the realization of 
the validity of some parts of the subsequent analysis, a dynamical question of suffi¬ 
cient complexity, which has recently occupied the attention of several mathematicians, 
may be briefly referred to. The problem of the deformation and vibrations of a thin 
open shell of elastic material has been reduced to mathematical analysis by Lord 
Rayleigh,* on the assumption that, as the shell can be easily bent but can be 
stretched only with great difficulty, the potential energy of stretching would not 
appear in the energy-function from which its vibrations in which bending plays a pro¬ 
minent part are to he determined,—that in feet the shell might be treated as mexten- 

But a subsequent direct analysis of the problem, of a more minute character^ 
led 4c the result that the conditions at the boundary of the shell could not all be 
satisfied u nle ss stretching is taken into account. The reason of the discrepancy is 

* Lord Batiihjh, “On the Infinitesimal Bending of Surfaces of Revolution,” ‘Proc. Loud. Math. 

f A. B. H. Lovs, “ On the . . . Vibrations of a Thin Elastic Shell,” ‘ Phil. Trans.,’ 1888, 
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that, if the question is simplified by taking the shell to be inextenaihle, a statio 
extensional stress ought at the same time to be recognised as distributed all along the 
surface of the shell, and as assisting in the satisfaction of the necessary conditions at 
its free edge; the stress-condition that can be adjusted in this manner may thus be 
left out of consideration, as taking care of itself If we suppose the shell to be not 
absolutely inextensible, this tension will be propagated over the shell by extensional 
waves with finite but very great velocity; it will therefore still be almost instan¬ 
taneously adjusted at each moment over a shell of moderate extent of surface, and the 
extensional waves will thus be extremely minute; such waves would have a very 
high period of their own, but in ordinary cironmstances of vibration they would be 
practically unexcited. These remarks appear to be in keeping with the explanation 
of this matter which is now generally accepted. 

6. The dynamical method as hitherto explained applies only to oases in which the 
foroes are all derived from a potential-energy function, or are considered as explicitly 
applied from outside the system; in the latter case they may be, as von Helmholtz 
remarks, any arbitrary functions of the time. By means of the Dissipation Function 
introduced by Lord Rayleigh, the equation of Varying Action will be so modified as 
to include probably all the types of frictional internal forces that are of much 
importance in physical applications. 

7. A few words may be said with respect to notation. In order to reduce as much 
as possible the length to which formulae involving vector quantities extend themselves 
in ordinary Cartesian analysis, a vector will usually be specified by its three Cartesian 
components enclosed in brackets, in front of which may be placed such operators as 
act on the vector. Of particularly frequent occurrence is the operator which deduces 
the doubled rotation of an element of volume from the vector which represents the 
translation ; this will, after Maxwell, receive a special designation, and will here be 
called the vorticity or curl of that vector. If the vector represent the displacement 
in an incompressible medium, *.e., if it has no convergence, we have (curl) 8 as —* V 8 , 
where V s is Laplace’s well-known scalar operator. The introduction of still more 
vector analysis would further shorten the formulae, and probably in practised minds 
lead to clearer views; but the saving would not he very great, while as yet facility 
in vector methods is not a common accomplishment. In the various transformations 
by means of integration by parts that occur, after the manner of Green’s analytical 
theorem, it is not considered necessary to express at length the course of the analysis; 
so as there is no further object in indicating explicitly by a triple sign the successive 
steps by which a volume integration is usually effected, it will he sufficient to take 
the symbol dr to represent an element of volume and cover it by a single sign of 
integration. In the notation of surface integrals, the ordinary usage is somewhat of 
this kind.* > 

* Various matters have beau treated from rather different points of view in the abstract of tikis 
paper, ‘ Roy. Soe. Free,,’ vol. 54, pp. 488-461. 
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Part I.— Physical Optics. 

Preliminary and Historical. 

8. The development of the analytical theory of the ssther which will be set forth 
in this paper originated in an examination of Professor G. F. FitzGerald’s Memoir, 
“ On the Electro-magnetic Theory of the Reflection and Refraction of Light,” * 
of which the earlier part is put forward by the author as being a translation of 
MaoCullagh’s analysis of the problem of reflexion into the language of the electro¬ 
magnetic theory. Later on in the Memoir the author discusses the rotation of the 
plane of polarization of the light, which is produced by reflexion from the surface 
of a magnetized medium, assumed in the analysis to be transparent; but the 
application of MacCullagh’s method to this case leads him to more surface- 
conditions than can be satisfied by the available variables, and the rigorous 
solution of the problem is not attained. After satisfying myself that this contradic¬ 
tion is really due to the omission from consideration of the quasi- hydrostatic pressure 
which must exist in the medium and assist in satisfying the stress-conditions 
at an interface, though on account of the incompressible character of the medium 
this pressure takes no part in the play of energy on which the kinetic phenomena 
depend, it was natural to turn to MacCullagh’s optical writings,t in order to 
ascertain whether a similar idea had already presented itself. An examination, 
particularly of “ An Essay towards a Dynamical Theory of Crystalline Reflexion and 
Refraction,” J led in another direction, and showed that to MacCullagh must be 
assigned the credit of one of the very first notable applications to physical problems 
of that dynamical method which in the hands of Maxwell, Lord Kelvin, 
von Helmholtz, and others, has since been so productive, namely, the complete 
realization of Lagrange’s theory that all the phenomena of any purely dynamical 
system free from viscous forces are deducible from the single analytical function of its 
configuration and motion which expresses the value of its energy. The problem 
proposed to himself by MacCullagh was to determine the form of this function for 
a continuous medium,§ such as would lead to all the various laws of the propagation 
and reflexion of light that had been ascertained by Fresnel, supplemented by the 
exact and crucial observations on the polarization produced by reflexion at the 
surfaces of crystals and of metallic media, which had been made by Brewster and 

* 0. P. FitzGerald, ‘ Phil. Trans.,’ 1880. 

t 'The Collected Works of James MacCollagh,’ ed. JsttKTr and Hacohton, 1880. 

% MacOdllagh, loo. dt., p. 145; ‘ Trans. Roy. Irish Acad.,’ XXI., Dec. 9,1839. 

S The problem had already been fully analysed by Greek, shortly before, and unknown to 
MacCollagh, precisely on these principles, but without success owing to his restriction to elasticity 
of the type of an ordinary solid body; of. Greek’s “Memoir on Ordinary Refraction,” ‘ Trans. Camb. 
Phil, Soo.,’ Deo. 11,1887, introduction, and his “Memoir on Crystalline Propagation," ‘Trans. Camb- 
Phil, goo.,’ May 20,1839. 
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Seebeck. He arrived at a complete solution of this problem, and one characterized 
by that straightforward simplicity which is the mark of all theories that are true 
to Nature; hut he was not able to imagine any mechanical model by which the 
properties of his energy-function could be realized. In another connexion, in vindi¬ 
cating his equations for the rotatory polarization of quartz* against a theory of 
Cauchy’s leading to different results, he however expresses himself on such a 
question, as follows, t “ For though, in my Paper, I have said nothing of any 
mechanical investigation, yet as a matter of course, before it was read to the 
Academy, I made every effort to connect my equations in some way with mechanical 
principles; and it was because I had failed in doing so to my own satisfaction, that I 
chose to publish the equations without comment, as bare geometrical assumptions, 
and contented myself with stating orally .... that a mechanical acoount of the 
phenomena remained a desideratum whioh no efforts of mine had been able to 
supply." And again, “ though for my own part I never was satisfied with that theory 
[of Cauchy], which seemed to me to possess no other merit than that of following 
out in detail the extremely curious, but (as I thought) very imperfect analogy whioh 
had been perceived to exist between the vibrations of the luminiferous medium and 
those of a common elastic solid, .... still I should have been glad, in the absence 
of anything better, to find my equations supported by a similar theory, arid their 
form at least countenanced by a like mechanical analogy.” 

9. After trying an empirical alteration of Cauchy’s equations for the stress in his 
medium,}: which sufficed to satisfy Brewster’s observations on reflexion from crystals, 
but did not agree with subsequent observations of a different kind by Seebeck, 
MacCullagh was finally led to results which were in keeping with all the experi¬ 
ments by means of the principles! that (i) the displacements in the incident and 
reflected waves, compounded as vectors, are geometrically equivalent at the interface 
to the displacements in the refracted waves, compounded in the same manner, and 
(ii) there is no loss of energy involved in the act of reflexion and refraction. This 
agreement was obtained, provided he took the displacement to be in the plane of. 
polarization of the light, and the density of the mther to be the same in all media. 

Shortly before, and unknown to MacCullagh, F. E. Neumann j| had based the 
solution of the problem of reflexion on the very same principles; and he had as early 
as 1833, ascertained that his results agreed with Seebbck’s experiments, though 
MacCullagh had priority in publication. He began by applying to the problem of 
reflexion the equations of motion of an elastic solid, as then imperfectly understood 
in accordance with the prevalent theory of Navter and Poisson ; be recognized that 

* MacCullagh, “On the Laws of the Doable Refraction of Quarts," ‘Trans. Roy. Irish Acad.,’ 
1836 j * Collected Works,’ p. 63. 

t MacCullagh, * Proc. Roy. Irish Acad.,’ 1841; * Collected Works,’ pp. 198, 200. 

X MacCullagh, “ On the Laws of Reflexion from Crystallised Surfaces,” * Phil. Mag.,' vol. 8,1835. 

§ MacCullagh, “ On the Laws of Crystalline Reflexion," Deo. 13,1836; 4 Phil. Mag.,’ vol. 10,1837. 

|| F. E. Neumann, ‘ Abhandl. der Berliner Akad.,’ 1835, pp. 1-116. ’ 
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th ere were six interfacial conditions to be satisfied, three of displacement and three of 
stress* while in the absence of compressional waves there were enough variables to 
satisfy only four of them; he cut the knot of this difficulty by assuming that the 
displacement must be continuous, to avoid rupture of the medium at the interface, 
and assuming that there is no loss of energy in the act of reflexion and refraction of 
the light, thus asserting the absence of waves of compression, and at the same time 
leaving the conditions as to continuity of stress altogether out of his account. As 
his displacement is in the plane of polarization, the solution arrived at by Neumann 
is formally the same as MAcCcllagh’s ; but it can be shown that the reasoning by 
which Neumann arrived at it, from the basis of an elastic solid aether, is invalid, so 
that the solution as stated by him must be considered to be the result of a fortunate 
accident, the correctness of which he would have had no real ground, in the absence 
of comparison with observations, for anticipating; while MacCullagh afterwards (in 
1839) placed his own empirical theory on a real dynamical foundation. 

10. The hypothesis on which Neumanns surface-conditions are virtually based has 
been expounded and amplified in more recent times by Kirchhoff ;* and in this 
form it is often quoted as Kirchhoff’s principle. The analysis of Kirchhoff also 
amends Neumann’s defective energy-function by the substitution for it of the one 
determined by Green, by the condition that the displacements in two of the three 
types of waves that can travel unchanged in the medium are in the plane of the wave- 
front. About the rate of propagation of the third wave, involving compression in the 
medium, KiacHHOFF makes no hypothesis, but he avails himself of the remark 
(originally due to MacCullagh) that the transverse waves involve no compression, 
and therefore are independent, as regards their propagation, of the term in the 
energy which involves compression. He assumes that in the act of reflexion and 
refraction no compressional waves are produced; and that this is so because extra¬ 
neous forces act on the interface just in such manner as to establish the continuity of 
stress across it, while on account of the conservation of the energy they can do no 
work in the actual motion of the medium at the interface. The explicit recognition 
of Buch forces constitutes Kirchhoff’s principle; as to their origin he says that it lies 
in traction exerted by the matter on the eether which is unbalanced at the surface ot 
discontinuity, and that they are somehow of the same nature as the capillary force at 
the interface between two liquids; as to then happening to be precisely such as will 
extinguish the compressional waves, he merely says that it must be so, because as a 
matter of fact no compressional waves are produced by the reflexion, the energy being 
assumed to be all in the reflected and refracted light-waves. On the other hand, the 
pure elastic theory has been worked out on Neumann’s hypothesis, for the simple 
Leaf an isotropic medium, without the assumption of these extraneous forces, by 
Lorenz, Lord Rayleigh, and others, and has been shown to lead to loss of light 

• a KmcHHOif, “Ueber die Reflexion and Brechung dee Lichtee an der Greaee kryeteUmieoher 
Mitfefl,” ♦ AW>. der Bed. Akad.,’ 18?fls ' Gee. Abb.,’ p. 36? • 
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owing to the formation of congressional waves which carry away some of the energy, 
and to laws of reflexion quite irreconcilable with observation. 

11. Can then any justification be offered of Kirchhoff’s doctrine of extraneous 
surface-forces? The parallel case which is appealed to for its support is that oi 
capillary forces at an interface between two fluids. Now on Gauss* theory of capil¬ 
larity these forces are derived simply from the principle of energy ; each fluid being 
in equilibrium, its intrinsic energy is distributed throughout its interior with so to 
speak uniform volume-density; if we imagine the surface of transition to be sharp, 
and each fluid to retain its properties unaltered right up to it, the total energy will 
be simply the sum of the two volume-energies and will not depend on the surface at 
all; as a matter of necessity, however, there is a gradual transition from one fluid to 
the other across a thin surface-layer, and the energy per unit volume in this layer 
alters with the change of properties; so that to the energy estimated as if the 
transition were sharp, there is to be made a correction which takes the form of a 
surface distribution of energy; and this latter term must reveal itself, according to 
Gauss’ well-known reasoning, in the phenomena of capillary surface-tension. The 
relation between the volume-densities of the energy in the two fluids is determined 
by the proper balance of intrinsic hydrostatic pressure across the interface. Now if 
we adhere at all to the principle that the play of energy, as distributed throughout 
the masses in the field, is the proper basis for the interpretation of physical pheno¬ 
mena, the extraneous surface-forces of Kirchhoff must also be accounted for in some 
such way as the above; they must arise out of the influence of a layer of gradual 
transition between the media. But superior limits have been obtained to the thick¬ 
ness of such a layer in various ways, by actual measurement; such limits are found in 
the thickness of the thinnest possible soap-film, as measured by Reinold and Rucker, 
or iff the thickness of the film of silvering which in Quincke’s experiments just 
suffices to extinguish the influence of the glass, on which it is deposited, on the 
phenomena of surface-tension. The former limit is about one-fortieth of the wave¬ 
length of green light, the latter limit is well within one-tenth of the same wave¬ 
length.* The quantity with which to compare the surface-energy due to this 
transition is the energy contained in a wave-length of the light whose reflexion is 
under consideration. It is plain that such an amount of surface-energy as is here 
possible will not suffice to totally transform the circumstances of the reflexion, and 
therefore will not account for Kibchhoff’s extraneous forces. Furthermore, a layer 
of transition, of thickness of the same order of magnitude as the wave-length, would 
introduce a change of phase into the reflexion, such as we know, from Lord Rayleigh’s 
and Drude’s experiments on reflexion from absolutely clean surfaces of transparent 
media, does not exist, and such as even Kirchhoff’s own theory does not allow for. 
It is for these reasons that it is here considered that Neumann’s theory of light is, on 

• Rmsou> and R«ckbb, ‘Roy. Soc. Proo.’ 1877* ‘Phil. Tram,’ 1883. Quihcki, ‘Pcgg. Ann.,’ 
vol. 187,1869. Of. Lord Keltik, “ Popular Lecture# and Addreuea,” ydI. I, p. 8. 4 , 
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Mb own dynamical basis, untenable, and leads to the correct result only by accident,-— 1 
and that tbe credit of the solution of the fundamental dynamical problem of 
Physical Optics belongs essentially to MacCullagh. 

12. To return now to the course of the development of optical doctrine in 
MacCudlagh's hands, he reoounts in straightforward fashion,* somewhat after the 
custom usual with Faraday, the way in which after successive trials he was at last 
guided to the formal laws which govern the phenomena of reflexion. To his success 
two main elements contributed; the bent of his genius led him to apply the methods 
of the ancient Pure Geometry, of which he was one of the great masters, to the ques¬ 
tion, and this resulted in simple conceptions, such as the principle of equivalent 
vibrations already explained, which are applicable to the most general aspect of the 
problem; while the variety and exactness of the experiments of Brewster and 
Seebeck. on the polarization of the light reflected from a crystal gave him plenty of 
material by which to mould his geometrical views. The simple theoremst of the 
polar plane and of transversals, by which he expressed without symbols in the com¬ 
pass of a single sentence, and in two different ways, the complete solution of the most 
general problem of crystalline reflexion, contrast with the very great complexity of 
the analytical solutions of Neumann and Kirchhoff. Thus at the end of this 
paper he remarks that “ several other questions might be discussed, such as the 
reflexion of common light at the first surface, and the internal reflexion at the 
second surface of a crystal; \ but these must be reserved for a future communica¬ 
tion. It would be easy indeed to write down the algebraical solutions resulting 
from our theory; but this we are not content to do, because tbe expressions are 
rather complicated, and when rightly treated will probably contract themselves into 
a simpler form. It is the character of all true theories that the more they are studied 
the more simple they appear to be.” “We are obliged to confess that, with the 
exception of the law of vis viva, the hypotheses ” on which the solution is founded 
“ are nothing more than fortunate conjectures. These conjectures are very probably 
right, since they lead to elegant laws which are fully borne out by experiments ; but 
that is all that we can assert respecting them. We cannot attempt to deduce them 
from first principles; because, in the theory of light, such principles are still to be 
sought for. It is certain, indeed, that light is produced by undulations, propagated, 
with transversal vibrations, through a highly elastic aether; but the constitution of 
this aether, and the laws of its connexion (if it has any connexion) with the particles 

* MAcCDtUaH, “ Go the Lews of Crystalline Reflexion and Refraction,” 1 Trans. R.I.A.,’ XVIII., 
Jan.», 1887. 

f MlcCmjA oh, * Collected Works,’ pp. 97 and 176. 

It is intere stin g to observe that, in the notes appended to the paper, MaoOullaqh has actually 
obtained tbe geometrical solution of this seemingly most complicated question, by means of a very 
powerful and refined application of the principle of reversibility of the motion, which was afterwards 
employed to such good purpose by Sir S. G. Stokes. 
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of bodies, are utterly unknown. The peculiar mechanism of light is a secret which 
we have not yet been able to penetrate .. . bat perhaps something might be done by 
pursuing a contrary course; by taking these laws for granted, and endeavouring to 
proceed upwards from them to higher principles . , He then allows himself to 
give a pure mechanical interpretation to his formal results, taking his displacement to 
be linear, and he derives the conclusion that the effective density of the sether is the 
same in all bodies. 

13. In the notes appended to this purely formal paper MacCululgh “afterwards 
proved that the laws of reflexion at the surface of a crystal are connected, in a very 
singular way, with the laws of double refraction, or of propagation in its interior; ” 
he was led to infer that “ all these laws and hypotheses have a common source in 
other and more intimate laws that remain to be discovered ; and that the next step 
in physical optics would probably lead to those higher and more elementary principles 
by which the laws of reflexion and the laws of propagation are linked together as 
parts of the same system.” And in the following memoir* he takes this step by 
developing his dynamical theory. His analysis is based on the hypothesis of constant 
density of the aether, and on the principle of rectilinear vibrations in crystalline 
media, substances like quartz being excepted. “ Concerning the peculiar constitution 
of the ether we know nothing, and shall assume nothing, except what is involved in 
the foregoing assumptions,” and that it may be taken as homogeneous for the 
problem in hand. 

In Section III. of this paper MacCullagh proceeds to determine the potential- 
energy function on which the transverse rectilinear vibrations propagated through 
the aether must depend. He observes that such vibrations involve no condensation ; 
and as in a plane wave all the points in the medium move in parallel directions, the 
effective strain produced in it may be taken to be specified by the rotation of the 
element, which is round a line in the plane of the wave-front and at right angles to 
the line of the displacement, this rotation being proportional to the rate of change of 
the displacement in the direction of propagation. Having previously shown, probably 
for the first time, that the expression now interpreted as representing the elementary 
rotation in the displacement of a medium by strain, enjoys the invariant properries 
of a vector, he at once seizes upon it as the very thing he wants, as it has a meaning 
independent of any particular system of axes to which the motion is referred; and 
he makes the potential energy of the medium a quadratic function of the components 
of this elementaiy rotation. As pointed out by SroxEst, the possible forms of the 
effective strain and therefore of the energy-function are by no means thus restricted : 
in fact Green had a short time previously established another form, in which the 

• MacCdiaaoh, “An Essay towards a Dynamical Theory of Crystalline Reflexion and Befnaotioa,” 
‘Trans. R.I.A.,' 21, Dec. 9, 1839. 

t Sir G. G. Stocks, “Repprt on Double Refraction,” ‘Brit. Assoc.,* 1862. MwOWAOT possibly 
perceived tbiB afterwards himself; cf. note at the end his memoir, 
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energy depend* on the eomponents of the strain of the medium, as it would do if the 
medium possessed the properties of an elastic solid. 

•At any sate, Ma.cCttlla.gh assumes a purely rotational quadratic expression for 
the energy, which he reduces to its principal axes in the ordinary manner; and then 
he deduces from it in natural and easy sequence, without a hitch, or any forcing of 
constants, all the known laws of propagation and reflexion for transparent isotropio 
and crystalline media. In common with Neumann, he cannot understand how with 
Fresnel the inertia in a crystal could be different in different directions, or its 
elasticity isotropic; so he assumes the density of the aether to be the same in all 
media, but its elasticity to he variable. The laws of crystalline reflexion are then 
established as below, and shown to be embraced in a single theorem relating either 
to his transversals or to his polar plane; and the memoir ends with a remark “ which 
may be necessary to prevent any misconception as to the nature of the foundation on 
which ” the theory stands. “ Everything depends on the form of the function V; 
and we have seen that, when that form is properly assigned, the laws by which 
crystals act upon light are included in the general equations of dynamics. This fact 
is fully proved by the foregoing investigations. But the reasoning which has been 
used to account for the form of the function is indirect, and cannot be regarded as 
suflicient, in a mechanical point of view. It is, however, the only kind of reasoning 
that we are able to employ, as the constitution of the luminiferous medium is 
entirely unknown.” 

MacCullagh's Optical Equations. 

14. Let the components of the linear displacement of the primordial medium be 
represented by (£, y, {), and let (/, g, h) represent the curl or vorticity of this 
displacement, i.e. 



so that this vector is equal to twice the absolute rotation of the element of volume. 
The elasticity being purely rotational, the potential energy per unit volume of the 
Strained medium is represented by a quadratic function U of (f, g, h), so that 

W as JU dr 

where dr denotes an element of volume. The kinetic energy is 

— * P Jv^ 9 + dfi + dfi) T% 

The general variational equation of motion is 

8f(T — W)dt = 0, 

JtpOOCOCClV t --A, 5 A 
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for integration through any fixed period of time. Thus* 


dbfi 

dt 


+ 5 §)* 


H dU (dh% d8y\ . dV (d&t dht\ . dU /dk, dS£\l , 1 n 

- s) + * (•* - s)+s {S - w\ *j'= °- 


On integration by parts in order to replace the differential coefficients of 8 (£, if, 0 
by these variations themselves, we obtain, leaving out terms relating to the 
beginning and end of the time, 



where (l, m, n) are the direction-cosines of the element of surface dS. As the 
displacements 8 (£, if, 0 are as yet quite arbitrary, the equations of elastic vibration 
of the medium are therefore 


P dt* + dy dh dz dg “ 0 

cPrf d dU d cTU 

P dt* + Tzlf ~ Ibc dh ~ ° 


P dt* *■" dx dg dy df 


From them it follows that 


chc dy dz 


in other words, that there is no compression of the medium involved in this motion, 
whether we assume that it has the property of incompressibility or not. 

15. In accordance with the general dynamical principle, all the conditions which it 
is essential to explicitly satisfy at an interface between two media are those which 
secure that the variation of the energy shall not involve a surface integral over this 
interface. To express these conditions most concisely, let us take for the moment the 

* Of. G. F. FitzGerald, “On the Electromagnetic Theory , . . ‘Phil, Trana.,’ 1880. In that 
memoir the rotation is represented by 4ir (/, g, h), instead of aimply (/, g, h) as above, in odder to he in 
line with Maxwell’s electrodyuamic equations. 
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element of the interface to be parallel to the plane of yz, so that (l, m, n) ss (1, 0, 0); 
the surface integral term corresponding to one side of the interface is now 


K-S,-+S«)«. 


where Sty, 8£ are perfectly arbitrary, subject only to being continuous across the 
interface. Thus to make the surface integral part of the variation vanish, we must 
have dUjdg and dtj/dh, the tangential components of the traction, continuous across 
the interface; it follows from the first of the equations of motion that the continuity 
of £ is also thereby secured, provided the density is the same on both sides ; and the 
normal traction on the interface is null. The continuity in the flow of energy across 
the interface is of course also necessarily involved. Of the complete set of six condi¬ 
tions only four are thus independent, which is the precise number required for the 
problem of optical reflexion between crystalline media. 

It has not been necessary to assume incompressibility of the medium in order to 
avoid waves of longitudinal disturbance. A medium of this type, however hetero¬ 
geneous in elastic quality from part to part, whether compressible or not, will 
transmit waves of transverse displacement in absolute independence of waves of 
compression, provided its density is everywhere the same; the one type of wave 
cannot possibly change into the other. 

16. If 


so that 


(£ V, 0 = curl (f„ r) lt Q, 


-V 8 ^, ty„ £,), 


and if the equations of propagation are referred to the principal axes of the medium 
so that now 


they assume the form 


U = i (a 8 / 8 -f by + tW), 




which are precisely Fresnel's equations of crystalline propagation.* The vector 
(iv tyn ii ) °f Fbksnel is at right angles to the plane of polarisation, therefore its 
curl (f, i), which is the displacement of the medium on MacCullagh’s theory, is 
in the plane of polarization. 

17. In the theory of reflexion the tangential components of the displacement are 
continuous, and the tangential components of the stress are continuousthese 
conditions, or the more direct conditions of continuity of displacement and continuity 

* MacCbilach, ‘ Proc. R.LA.,’ vol. II., 1841; ‘ Colleoted Works,* p. 188. 

5 A 2 
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of energy, taken in conjunction with the hypothesis of effective density constant 
throughout space, lead immediately to Fresnel's equations of reflexion for isotropic 
media, and in MacCollagh’s hands give a compact geometrical solution when the 
media are of the most general character. A medium of this kind, however hetero¬ 
geneous and seolotropic as regards elasticity, is still adapted to transmit transverse 
undulations without any change into the longitudinal type; and the conditions of 
propagation are all satisfied without setting up any normal tractions in the medium, 
which might if unbalanced produce motion of translation of its parts. Thus tire 
incidence of light-waves on a body will not give rise to any mechanical forces. 


Alternative Optical Theories. 

18. The equations of propagation of Fresnel above-mentioned obviously agree with 
those which are derivable from the variational equation 

[iicj^pcr* + P l ~* ^ + P°^%) dr - £*f(/i 3 + 9i + K) *•] = °» 

which belongs to a medium having seolotropic inertia of the kind first imagined by 
Bankine, and having isotropic purely rotational elasticity. The coefficient of elasti¬ 
city k may be in the first instance assumed to be different in different substances. 
The surface-conditions for the problem of reflexion which are derived from this equation 
are clearly, in the light of the above analysis, continuity of tangential displacement 
and of tangential stress. A compression of the medium now takes part in the .propa¬ 
gation of transverse undulations, yet the compression does not appear in this isotropic 
potential energy-function; hence the resistance to laminar compression must be null, 
the other alternative infinity being on the latter account inadmissible. The surface 
condition as to continuity of normal displacement need not therefore be explicitly 
satisfied; and the remaining surface condition of continuity of normal traction is non¬ 
existent, there being no normal traction owing to the purely rotational quality of the 
elasticity. Whether a medium of this type could be made to lead to the correct 
equations of reflexion we need not inquire. [See however § 21.] 

19. It has been shown by Lord Kelvin* that a medium of elastic-solid type is 
possible which shall oppose no resistance to laminar compression, vis. to compression 
in any direction without change of dimensions sideways, and that its potential energy 
if elastically isotropic is of the same form as the above, with the addition of some 
terms which, integrated over the volume, are equivalent to a surface Integral. The 
remaining coefficient of elasticity, that is the rigidity, muBt then be the same in all 

* Lord Kelvin (Sir W. Thomson) “ Oa the reflexion Mid refraction of light,” ‘ Phil. Mag./1882 (2), 
p. 414; GlazebeoOk, do., p. 521. 
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media* to avoid static instability; that condition is in fact required as below, in order 
that waves may be transmissible at all through a heterogeneous medium of this type. 

As an illustration of this somewhat abstract discussion, let us conduct the variation 
of the Action in this labile elastic-solid medium. The equation takes the form 




+ [dz + dx 


(d±. ‘JAY __ 

\dx ^ dy) 


/dy d£ ,d£d£ , dgdv 
\dy dz'dzdx'dx dy 


I)} dT ] = 0; 


it would be illegitimate for the present purpose to replace the potential energy by a 
surface part and a volume pari, because then it would not be correctly located in the 
medium. We obtain on the left-hand side the time-integral of the expression 

- «f {(| + *) ("« + **’) + (f + f) < n8f + W£) 


+ (I + 1 ) M + »*> - 2 (| + f ) ld( ~ 2 (1 + 1 ) ”* 8 ’ 1 


dt . d£ 


d% , dy 

dx ' dy 


:)»«£} 


+«HK+^l)(l+S) + (^ +8 ^)i1 + S) 

+ (**s + + *) “ 28f *(* + *) 




(f+f)- 28 ^ 


_rf/d£ , dy 

dz\dx 8 dy 


or collecting and exhibiting specimen terms only, 


-f(*’2 8f+ •••)*■ 

- 4 '{(l+f)« + (S + l) 8 ’ + (^ + S 8£ } + 


The equations of motion are thus 


_$£ <& d? _d£ dh ^ # 

—~ P^dfi~~dz dx * T df* # 


fife* dy 
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reducible bo MacCullagh’s by changing (£, 17, {) into (<*y, c*k), making the 

corresponding change for (/, g, A), and taking {a 8 , /J 2 , y 3 ) = p (a***, &“*, c“ s ); white 
the surface conditions are easily seen by taking ( l , in, n ) s± (1, 0, 0) to be Continuity 
of tangential elastic-solid tractions, and continuity of tangential displacement; both 
these results might of course have been foreseen from the formulee for the tractions 
in an elastic solid, without special analysis. The surface condition involving normal 
displacement can be adjusted by the lability of the medium as regards simple 
elongation; and the continuity of its coefficient, that is, of the normal foreive as 
determined by the lateral contraction, is already secured by the other surface con¬ 
ditions, provided the elasticity is continuous. The mode in which lability thus 
affects the surface-conditions in the method of variations, is the chief point that 
required illustration; the addition to the energy of § 18 of terms which form a perfect 
differential is seen to be immaterial, provided they show no discontinuity at the inter¬ 
face. 


20 . It is of interest to observe that a geometrical transformation, specified by the 
equations* 

(*» V> z)~pqr (p, p, ~j , and (£ 17 , £) =npqr (pf, q v \ r(') , 


leads to 


dr = e It', and (/ g, h) = pgr y , yj , 


and so leaves the elastic quality of a purely rotational medium unaltered. 
Also, the variational equation of MaoCuiaagh 


8 l dt [*»> f(£ + %+§) ■* - * [vr + 8 y+ <w > *]=° 


may be expressed, so far as regards vibrations of period 2 ir/«, in' the form 
8 \dt [* fpn 2 + [(a 2 / 2 -f by 4- c^ 2 ) dr\ = 0, 

in which the distinction between co-ordinates and velocities, between potential and 
kinetic energy, has been obliterated, if we regard n as simply a numerical coefficient. 

If in the above transformation, (p, q, r) is taken equal to (a, &, c), this variational 
equation of MacOcllaoh is changed into the one appropriate to an lether of isotropic 
rotational elasticity and seolotropic effective density, as discussed above; and the 
wave-surface is changed into its polar reciprocal, which is also a Fresnel’s surface in 
which a, b, c, are replaced by their reciprocals; and the geometrical relations between 
the two schemes may be correlated on this basis. This mode of transformation does 
not however extend to surface integral terms, and so cannot be applied to toe problem 
of reflexion. • 

* Of. ‘ Proo. Load. Math. Soo.,* 1898, p. 278. 
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Thesameend might have been attained by taking (f g, h) to denote displacement 
»ftd ((, *l, l) proportional to rotation in the variational equation; for V s (£ if, £) 
PS curl (/, p, A), and the operator V s may be replaced by a constant so far as 
regards light-propagation in a single medium. This interchange, which has already 
been indicated in § 18 , does not affect the development of the variational equation 
except as regards surface-integral terms ; and the character of the modification of the 
geometrical relations of the wave surface, on passing from the one theory to the 
other, is now open to inspection.* 

[21. (Added June 14.) The formal relations between these various mechanical 
theories may be very simply traced by comparing them with the electromagnetic 
scheme of Maxwell. In that theory the electric and magnetic inductions, being 
circuital, are necessarily in the plane of the wave-front; while the electric and mag¬ 
netic forces need not be in that plane. On taking the electric or the magnetic 
induction to represent the mechanical displacement of the medium, the electric theory 
coincides formally with that of Fresnel or that of MacCullagh respectively; while 
on taking the electric or the magnetic force to represent the mechanical displacement, 
we obtain the equations of the correlative theories of Boussinesq, Lord Kelvin, and 
other authors, t Thus, for example, it follows at once from this correlation that the 
combination of seolotropic inertia with labile isotropic elasticity will lead, not only to 
Fresnel’s wave surface as Glazebrook has shown, but also to MaoCullagh’s theory 
of crystalline reflexion and refraction. If we suppose the magnetic quality of the 
medium to take part in the vibrations, as would probably be the case to some extent 
with very slow electric waves, the equations of propagation would possess features 
analogous to those due to an alteration of density in passing from one medium to 
another, on the mechanical theory here adopted. But the continuity of normal dis¬ 
placement of the medium could not now be satisfied in the problem of reflexion, the 
appropriate magnetic condition being instead continuity of induction. A homogeneous 
mechanical medium representing or illustrating such a case would thus have to possess 
suitable labile properties; in the ordinary optical circumstances in which magnetic 
quality is not effective, the degree of compressibility is on the other hand immaterial, 
and no normal wave will be started in reflexion.] 

Treatment of the Problem of Reflexion by the Method of Rays. 

22, We airs now in a position to compare the various investigations of the problem 
of reflexion, by means of rays, that have been given by Fresnel, Neumann, 
MacCu lla gh and others. It is a cardinal principle in all theories of transparent 
media that there is no loss of energy in the act of reflexion and refraction. 
Consequently there is no energy oarried away by longitudinal waves in the eether; 

• Of. J, Willard Gibbs, “A comparison of the electric theory of light and Sit W, Thomson's 
theory of a quasi-labile ether,” ‘Phil. Mag.,' 1889. 

t Of. Drcdk, ‘ Gottinger Naohriohten,’ 1893. 
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and this must usually be either because the medium offers no resistance to laminar 
compression, or because it is incompressible, the case of rotational elasticity being 
however not thus restricted. The rays are moat amply defined as the paths of 
the energy. 

23. Let us consider the first of these hypotheses, that of null velocity of 
longitudinal waves. At the interface the tangential components of the displacement 
must be continuous, otherwise there would be very intense tangential tractions 
acting in the thin interfacial layer of transition, such as could not he equilibrated by 
the tractions outside that layer. The normal components of the displacement need 
not be made continuous, for the neighbourhood of this thin interfacial layer will 
stretch without effort as much as may be required. The tangential stresses must be 
continuous across the layer of transition, otherwise they would produce very great 
acceleration of this layer which could not be continuous with the moderate accelera¬ 
tions outside it. As we have thus already obtained the sufficient number of conditions 
the normal pressure need not also be explicitly made continuous, for the continuity of 
tangential displacements should secure its continuity as well; if the medium is 
constituted so as to regularly reflect waves at all, this must be the case, and it is clear 
on a moment’s consideration of the formula for the pressure that it is so in a labile- 
medium of isotropic elastic-solid type. We have thus the four conditions, continuity of 
tangential displacement and of tangential stress; and the one sufficient condition 
which will secure that they also make the normal stress continuous, i.e. that the 
medium is a possible one, is that there shall he no loss of energy in the operation of 
reflexion and refraction. The four conditions here specified are mathematically 
equivalent to those of Fresnel's theory of reflexion; and the satisfaction of the fifth 
condition carries with it the justification of that theory for the type of medium which 
it implies. For the case worked out by Fresnel, that of isotropic media, the 
constitution of his medium is thus limited to be precisely that of the labile aether 
of Lord Kelvin ; in order to satisfy also the fifth condition, that of continuity of 
energy, we are constrained to take the displacement perpendicular to the plane of 
polarization, which gives a reason independent of experiment for Fresnel’s choice. 

24. Let us next consider the second form of hypothesis, that of incompressibility. 
At the interface all three components of the displacement must now he continuous; 
and to obtain a solution, there is needed only one other condition, which may be taken 
to he the preservation of the energy of the motion. Here, as Neumann remarks, there 
is absolutely nothing assumed about the elastic condition of the media, which may in 
fact remain wholly unknown except as to their assumed incompressibility and as to the 
law of density, and the problem of reflexion will nevertheless be completely solved. 
But if we go further than this, and attempt to speculate about the elasticity of the 
optical medium, it must he limited to be of such nature as also to satisfy two other con¬ 
ditions which are involved in the continuity of the tangential stress at the interface. 

Thus on the principles that the energy is propagated along the rays, thet It is ftt 
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any instant half potential and half kinetic, and that there is no loss of energy of the 
light ha the act of Deflexion, and on the hypothesis that the medium is incompressible, 
the solution of the problem of reflexion as distinct from that of the elastic constitution 
of the medium is immediately derived, for all media which polarise the light linearly, 
without the aid of further knowledge except the law of density and the form of the 
wave-surface. If the density is uniform and the same in all media, the solution is 
that of MacCullagh and Neumann, which is known to be correct in form for 
isotropic {and also for crystalline) media. There is nothing so far to indicate whether 
the vibrations are in the plane of polarization or at right angles to it, hut that point 
is soon settled by the most cursory comparison with observation of the resulting 
formulae for the two kinds of polarized light; the vibrations roust be in the plane of 
polarization of the light. It remains in this order of procedure, to discover a form 
of the potential-energy function which will lead to the correct form of wave-surface 
in crystalline media, at the same time making the vibrations in the plane of polariza¬ 
tion, and which also will conform to the additional'surface conditions not utilized 
in order to obtain merely the solution of the problem of reflexion ; the discovery of 
such a function, as a result of a precise estimation of what was really required, is 
MacCctllagh’s special achievement. 

25. If the sether in crystalline media is of seolotropic rotational elastic quality, and 
of isotropic effective inertia the same in all media, all the conditions of the problem of 
actual optical reflexion are satisfied whatever be the degree of its compressibility. 
While, on the other hand, if it is of isotropic elastic-solid quality and seolotropic 
effective inertia, and there is no elastic discontinuity in passing from one medium to 
another, i.e. if the elasticity is the same in all media, all the conditions are satisfied 
when there is no resistance to laminar compression. It is somewhat remarkable that 
the condition of continuity of the energy assumes the same form in both these cases. 

What happens under more general conditions, or in circumstances of mixed elastic- 
solid and rotational elasticity, or possibly yet more general types of elasticity, we 
shall not stop at present to inquire. [See however § 21.] For the explanation of 
electrical phenomena, MacCuixagh’s energy-function possesses fundamental advan¬ 
tages for which none of these other possible optical schemes appear to be able to offer 
any equivalent; it is therefore not necessary to examine whether they can survive the 
searching ordeal of crystalline reflexion. 

Total Reflexion. 

26. So long as there actually exist the full number of refracted waves, this simple 
mode of solution of the problem by means of rays is perfectly rigorous, and puts the 
matter in as clear a light as a more detailed analysis of what is going on in the 
media; it is not necessary to make any assumption about the character of the incident 
ware, except that it is propagated without change. But the case is different when 

KWXJOXcrv.— a. * 5 B 
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the incidence on a rarer medium is so oblique that one or both the refracted waves 
disappear; if we simply treat these waves as non-existent, the four sudSme-oondituMis 
OSnnot all be satisfied. The natural inference is that the solution of the problem now 
depends on the particular form of the wave; the fundamental simple-harmonic form is 
the obvious one to choose, so let the vibration be represented by 

A exp 1 2ir\ _1 (lx + my 4- tiz — vt), 

real parts only being in the end retained. The satisfaction of the interfacial condi¬ 
tions,—which must now be chosen all linear as we are running a real and an imaginary 
part concurrently, and they must not get mixed up,—leads to a complex value of n for 
one or both of the refracted waves and of A for both of them. The interpretation is 
of course, in the first case purely surface waves, in the second a change of phase in the 
act of reflexion or refraction. With this modification the celebrated interpretation of 
the imaginary expression in his formulae, by Fresnel, becomes quite explicit, and the 
general problem of total or partial crystalline reflexion is solved for the type of medium 
virtually assumed by him, without any detailed consideration of the nature of the 
elasticity. The hypothesis is implied, and may be verified, that the surface waves 
penetrate into the medium to a depth either great, or else small, compared with the 
thickness of the layer of transition between the media,—a point which has not always 
been sufficiently noticed. 

Reflexion at the Surfaces of Absorbing Media, 

27. The fact that homogeneous light in passing through a film of metal does not 
come out a mixture of various colours, or more crucially the fact that the use of a 
metallic speculum in a telescope does not interfere with spectrum observations, shows 
that the equation of vibration of light in a metallic medium is linear, and therefore 
that to represent the motion of the light in the metal requires simply the introduction 
of an ordinary exponential coefficient of absorption. The interface being the plane of 
xy, the light propagated in the absorbing medium will be represented by the real 
part of an expression of the form A exp i ZwX” 1 (lx 4* niy + nz vt), where »is now 
complex with its real part negative if the axis of z is towards the direction of 
propagation. If the opacity of the medium is so slight that the light gets down some 
way beyond the interfacial layer of transition without very sensible weakening, 
we may therefore solve the problem of reflexion by an application of the ordinary 
surface-conditions stated in a linear form, but with a complex coefficient of elasticity; 
for we may treat the layer of transition as practically indefinitely thin* This comes 
to the same thing as the method used first by Cauchy, of simply treating the index 
of refraction as a complex quantity in the ordinary formulae for transparent media; 
and it should give a satisfactory solution of the problem, provided the opacity is not 
excessive. 
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: $hi) malts obtained for metallic reflexion are however found to suffer, when 
compared with observation, from several serious defects; the real part of the gwm- 
index of refraction becomes negative, which is sufficient to prevent any stable self- 
subsisting medium from acting in this manner; while on transmission through certain 
metallic dims there is a gain of phase of the light compared with vacuum, when there 
ought, according to the equations, to be a Iqss. 


Optical Dispersion in Isotropic and Crystalline Media . 


28. In order to make our luminiferous medium afford an explanation of electric 
and magnetic phenomena, it will be necessary to assume its potential energy to be 
wholly rotational, therefore quite independent of compression or distortion. When 
bodies are displaced through it, its motion will then be precisely that of a continuous 
frictionless incompressible fluid, and therefore no rotational stress will be thereby 


produced in it. 

The phenomena of optical dispersion require us to recognize a dependence of the 
effective elasticity of the medium on the wave-length of the light; for we are hound on 
this theory, in the absence of sympathetic rotational vibrations of the atoms, to take 
the effective density of the primordial medium to be the same throughout all space. 
The dependence of the elasticity on the length of the wave can only arise from the 
presence of a structure of some sort in the medium, representing the molecular 
arrangement of the matter, whose linear dimensions are comparable with the wave¬ 
length of the disturbance that is propagated through it. The actual motion will now 
be of a very complicated character; but the fact that a wave is propagated through 
without change, in certain media (those which are at all transparent), shows that for 
the present purpose it is formally sufficient to average the disturbance into a 
continuous differential analysis, and thus take it to be a simple one as if there were no 
molecular discreteness, but with an effective elastic modulus proper to its wave-length. 
The expression for the potential energy of the medium will thus have to be of a 
form that will vary with the wave-length, while it is still a quadratic function of 
differential coefficients of the displacements; therefore we must now assume it to 
involve differential coefficients of higher order than the first. This mode of 


formulating the problem is what is led up to by the transparency of dispersive 
media *.e. by the permanence of type of simple waves travelling through them, and 
by the ro tational character of the optical elasticity which is quite distinct from that 
of the molecular web, and, we may assume, of a different order of magnitude. It need 
excite no surprise if in extreme circumstances, involving near approach to equality 
’ wttb free periods of vibration, it' is insufficient. 

> 2ft. HeJTif the medium is to be thoroughly and absolutely fluid as regards non- 
'fv' if a theory of matter is to be part of the theory 

cf the sether, this potential-energy function must be such that ho work is done by 
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any displaeementwhieh does not involve" rotation, therefore such that the work done 
by any displacement whatever is of the form 

f(LS/+MS? + ; 

or . '■ /- 1 : -, ■ , 

together with possible surface-integral terms, integration by parts leads to the 
expression 

This expression must be the same as the one derived by integration by parts in the 
usual manner from the variation of the potential energy SjWafr, where W is now of 
the second degree in spacial differential coefficients, of various orders, of (f, ij, £). 
The result, as far as the volume integral is concerned, will be the same as if the 
symbols of differentiation d/dx, djdy, d/dz were dissociated from £ rj, £ and treated 
like symbols of quantity, after the sign of each has been changed, so that for example 
d£/dy d*yfda? is to be taken the same as — djdy d i jdx t fr]; the function W may thus 
be replaced for this purpose by 

W' = Af + % 8 + C£* + 2lfo£ + 2E££+2F£, ( 

where A, B, C, D, E, F are functions of d/dx, djdy, d/dz. 

We shall then have 

■ «)* 

On comparing these expressions there results 

/rfN _ tfM rfL __ rfN __dL\_/d L £ d\ w , 

\dy dx * rf* Ax * dx dy) “ ’ dr, • #) W * 

Hence 

J£\ dW /d\ tfW' /£\dW __ 

\dx) d% \dy) dy ' \dx) df 

identically, where the differential operators in brackets are to be treated as If they 
were symbols of quantity. The vanishing of this expression, for all values &{ {, y, & 
involves three conditions between A, B, one of which may be stated in the form 
that the quadratic; expression W* is the product of two linear factors; th e s e are in 
foot the general analytical conditions that a medium shall not propagate waves of 
compressioninvolving sensible amounts of energy. f / 
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SOi But these conditions are not sufficient to insure that the elasticity shall 
he .purriy rotational, and in no wise distortions!. For example, as may be seen 
from the above, the elasticities of Lord Kelvin’s labile elastic-solid aether and of 
Qnzjt’fl incompressible aether satisfy them. What is required is that for any dis- 
plaoement of a given portion of the medium, the total work done by both the bodily 
fbrdve and the surface tractions shall be expressible in terms of the rotations of its 
elementary parts alone. In the particular case in which the medium is in internal 
equilibrium in a state of strain, the part of this work which is due to bodily foroive is 
of course null; so that the surface-tractions are then all-important. 

31. Now let us examine a form of W 2 , the dispersional part of the energy, which 
has been put forward by MacCullagh solely in order to explain the fact that the 
character of the crystalline wave-surface is not altered by the dispersional energy. 
He assumes that W g is a function of (f, g, h) and of its vorticity or curl, and of 
the curl of that curl, say its curl squared, and so on; and he observes that if this 
quadratic function only involve squares and products of the respective components of 
odd powers of the curl, Fresnel’s wave-surface is unaltered, while, if even powers 
come in, the surface is modified in a simple and definite manner ;* it will be clear on 
consideration that if an odd power of the operator is combined with an even power, 
in any term, rotational quality of the medium must be introduced. It will be 
sufficient for practical applications to attend to the dispersional terms of lowest order. 
Since in an incompressible medium (curl) 2 = — V 2 , these terms yield two possible 
forms for the dispersional part of the energy, 

fV*f+gV°~g + hV*h 

and 

(v»£)* +(v 2 ,)* + (?*{)*; 

or in a crystalline medium we might take the corresponding forms 

« 2 /V*/+ /8* g V 2 g + y* h V 2 h 

and 

a' 2 (V 2 €f + /S' 2 (V 2 J)f + y' 2 (V 2 0*; 

or we could have more generally the lineo-linear function of (f, g, h) and V* (J", g, h) 
and the general quadratic function of V*(£ v), £), respectively, which would not bo 
symmetrical with respect to the principal optical axes of the medium. 

The first of these forms, the intermediate case being taken for brevity, yields a 
bodily foroive 

■ juv ■ : ST” '* “■*' * - 4 f 

-j' 'JtjQ “fw. disporsioa of the Optic Axes and. of the Axes of EW&icity in Biaxal 

f Wtti Mag ^ October, 1842, 'Collected Works,’ pp. 22l-226j “On the law of Donhlo 
BoWtian,” l«4g,‘'OollWted Werke,’pp. 227-229. 
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and the second on# yields a bodily forcive 

(*'*V*V*£ j8 



, , r 'fo* f,* ^ U y 
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Both of these forcives satisfy the condition of being null when the medium is devoid 
of rotation. But, as in the motion of a train of plane waves of length X the operator 
V* is replaceable by the constant — (2 ir/\) 2 , we see that the first forcive merges in 
the ordinary rotational forces of the medium, only altering its effective crystalline 
constants in a manner dependent on the wave-length; while the second foreive alters 
the character of the equations by adding to the right-hand sides terms proportional 
to £, i}, £, and so modifies the wave-surface. If with MacCui<lagh we had taken the 
last and most general type of terms, which are not symmetrical with respect to the 
principal axes of optical elasticity, the observed dispersion of the optic axes of crystals 
would clearly have been involved in the equations. The nature of the proof of 
MaoCullagh’s general proposition is easily made out from the examination here 
given of this particular case. 

32. The question has still to be settled, whether the postulate of complete fluidity 
as regards irrotational motion limits the form of W s to the one assumed by 
MaoCullagH. It will I think be found that it does. For the final form of the 
variation of the potential energy is 


S fW dr * J{.. .} dS + j (P 8/+ Q hg + R to) dr, 

where (P, Q, R) involve (/, g, h) linearly, hut with differential operators of any orders. 
We may change it to 

SfW dr = J{. ..} dS - Jcurl (P, Q, R) 8 (£ v , £) dr, 


the expression in the integral representing a scalar product; and this form shows 
that the bodily forcive in the medium is curl (P, Q, R). It also shows that the curl 
operator persists on integration by parts. Now this forcive is linear in (£, r), £), and 
taking for a moment the case of an isotropic medium, it must be built up of invariant 
differential operators. The complete list of such operators consists of curl, conver¬ 
gence, and shear operators, and their powers and products; and these operators are 
mathematically convertible with each other. Any combination of them, operating on 
(£ % £)> which involves curl as a factor, will limit the medium, as has been already 
seen, to the propagation of waves only rotational; but in order to secure perfect 
fluidity as regards irrotational motions it is necessary also that the surface tractions, 
involved in the surface-integral part of the variation of the energy, shall not depend 
oh the shear or convergence of the medium. Now in arriving at the final form of the 
variational equations, by successive integrations by parts, if a convergence or nhty ir 
occur in either factor of a term in W, it will emerge at some stage as an a cbvui eonver* 
gence or shear of the medium in a surface-integral term, indicating a surface traction 
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of fluidity. But the only forms of W s for on isotropic 
medium, which maintain an invariantive character independent of axes of co-ordi¬ 
nates, and in which each factor involves only (/, g, h), appear to be made up of 
MacCgllagh’s forms and the form 


M: ,-ftY , W , <& \ s , (d0 4£\ a 


and If the medium is incompressible this new form is identical with the second type 
of MacCdixaoh. The conclusion thus follows that for isotropic media, the form of 
the potential energy, when we include dispersion and other secondary effects in it, is 
that of MacCtjllagh, the two forms given by him being in this case identical. 

88. The* question now presents itself, whether there is any distinction between the 
two types into which MacCullagh divides possible energy-functions of this kind, 
which will enable us to reject the one that modifies the form of the wave-surface. It 
seems fair to lay stress on the circumstance that the first of MacCullagh’s types of 
dispersional energy may represent an interaction between the average strain of the 
medium ( f g, h ) and the average disturbance of the strain due to molecular 
discreteness, while the other form represents the energy of some type of disturbance 
of the strain which combines only with itself, and is not directly operative on the 
average strain. It would seem natural to infer that a term of the second type would 
have its coefficient of a higher order of small quantities than the ones we are now 
investigating. 

For the most general case of eeolotropy, the dispersional energy W 2 must be either 
a quadratic function of first differential coefficients of (f, g, h), or else a lineo-linear 
function of (f, g, h) and its second differential coefficients. If the first alternative be 
rejected for the reason just given, there remains a form of which MacCullagh’s is 
the special case in which the second differential coefficients group themselves into the 
operator V s . A reason for this restriction is not obvious, unless we may take the 
form already determined for an isotropic medium as showing that the dispersion 
arises from the interaction of (/, g, h) on V* (f, g, h); such a restriction is in fact 
demonstrable when we bear in mind the scalar character of the energy-function. 


The Influence of Dispersion on Reflexion. 

34. It has been explained that on this theory the mode of formal representation 
of dispersion without sensible absorption, is by the inclusion of differential coeffi¬ 
cients of the.displacement, higher than the first, in the energy function. This makes 
the dispersion depend on change of elasticity, and not on any effective change of 
inertia of the primordial medium; in the neighbourhood of a dark band in the 
absorption spectrum of the medium, absorption plays an important part, rendering 
the phenomena anomalous, and we must then have recourse to some theory of the 
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Young-Sellmeier type, involving perhaps change of effective inertia, which will 
take a more complete account of the sympathetic interaction which occurs between 
the electric vibrations of the molecules and the vibrations of the medium, when their 
periods are very nearly alike. 

The sum of the orders of the differential coefficients in any term of the energy 
must usually be even; a term in which it iB odd would introduce unilateral quality 
into the medium, typified by such phenomena as rotatory polarization; and it is 
known from the facts and principles of crystalline structure that such terms can be, 
when existent at all, only of a very minute residual kind. 

When we come to discuss the problem of reflexion, the surface-terms derived from 
the variation of the energy-function must be retained, and they should be adjusted so 
as to maintain the continuity of the manifestations of energy in crossing the' interface. 
But the dispereional terms will introduce into the variational equation surface- 

integrals involving not only S£, Sij, but also S {dfydx), S (d*£jda j*) .. and we 

cannot even attempt to make all these independent terms continuous across the 
interface. We therefore cannot follow in our analysis the complete circumstances of 
the problem of reflexion. This is not cause for surprise, because the essence of the 
method of continuous analysis consists of averaging the molecular discreteness of the 
medium; and we are now trying to fit this analysis on to conditions at an interface 
where the law of the discreteness changes abruptly or rather very rapidly. 

35. In a problem of this kind the procedure by the method of rays asserts a marked 
superiority. The interfacial layer being assumed for other reasons to be very thin 
compared with a wave-length, the displacement of the medium must be continuous 
across it. And it may be fairly assumed that there is no sensible amount of degrada¬ 
tion of energy in this very thin superficial layer; so that the principle of continuity 
of energy gives the remaining interfacial condition. The result of these hypotheses 
will be that, so far, the law of reflexion of each homogeneous portion of the light 
depends on its own index, and not on the amount of the dispersion in its neighbour¬ 
hood. The assumption of continuity of energy is the same thing as recognizing that 
the continuity of the dispersional part of the stress at the interface is maintained by 
surface forces of molecular character, which absorb no energy, and which need not be 
further specified for the present purpose,—thus forming an instance of a perfectly valid 
application of a surface-traction principle of the same kind as that of Neumann and 
Kjrchhoff (§ 10). 

This explanation is based on MacCullagh’s theory of reflexion. If, merely for 
further illustration, we take Fresnel’s analysis of that problem, the medium is thereby 
assumed to be labile, and we must employ a stress condition at the interface as well 
as the energy condition. Now it is exactly in the insufficient specification of the 
stress near the surface that the trouble with reBpect to the dispersional for e** came 
in; thus, if Fresnel’s theory were the tenable one, it would be a matter of some 
difficulty to get from it a clear view of reflexion in its relation to dispersion* ^ 
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The Structured Rotational , or i Helical, Quality of Cei'tain Substances. 

86. The quality of rotatory polarization, exhibited by quartz and turpentine, depends 
on the structure of the optical medium, and therefore must be expressed by a term 
in the potential-energy W. When symbols of differentiation are imagined for the 
moment as separable from their operands, this term must be of the third degree in 
(djdx, djdy, dfdz); and it must be quadratic in (£, rj, £). It can therefore only involve 
the rotation (f g, h ) and its curl, each of them linearly ;* therefore, being a scalar, 
the only form it can have is that of their scalar product; thus the term we are in 
quest of must be 



or what is the same 

- C {/V 2 f + gV z i ) + h , V %}. 

This is in fact the term inveuted by MacCullagh for the purpose of explaining the • 
rotational phenomena of liquids, and of quartz in the direction of its optic axis, and 
shown by him and subsequent investigators to account for the facts. In the case of a 
crystalline medium, we might have for this term the general function of (/ g, h) and 
its curl, that is linear in both ; but probably in all uniaxial crystals, certainly in quartz, 
the principal axes of this term are the same as the principal axes of optical elasticity of 
the medium. 

On the Elasticity of the Primordial Medium. 

37. The objection raised by Sir G. G. Stokjsh+ in 18G2 against tho possibility of a 
medium of the kind contemplated by MaoCullauh’s euergy-function, and since that 
time generally admitted, is that an element of volume of such a medium when strained 
could not be in equilibrium under the elastic tractions on its boundaries, but would 
require the application of an extraneous couple of amount proportional to its surface, 
and therefore very great in proportion to its mass, in order to keep it balanced. Such 
a state of matters is of course in flagrant contradiction to the character of the elasticity 
of solid bodies, and can only occur if them is some concealed rotational phenomenon 
going on in the element, the kinetic reaction of which can give rise to the requisite 

# [(Added June 14.) The rotatory term in the energy function cannot involve differential coefficients 
with respeot to the time; for to obtain the structural type of rotation these would have to appear in the 
second degree, which would make the term, as it involves only (/, </, h ), of the fourth order in diffe¬ 
rential operators; cf . 4 Brit Assoc. Report/ 1893, “ Magnetic Action on Light,” § 3. Thus MAcCoUiAGfl’s 
term involves on the present theory only the one hypothesis that the medium is self-contained, and not 
effectively under the influence of another interpenetrating medium.] 

t Sir Geouoe Stokes corroborates my impression that his criticism is expressly limited to media the 
elements of which are at rest and self-contained, and that it is not to be regarded as effective against a 
medium of gyrostatio quality or of the gutrn-magnetic quality described below. 

MBcocxav.— a. 5 c 
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couple. If the medium had acquired its rotational elasticity by means of a distribution 
of rotating simple gyrostats, such a kinetic couple would be afforded by it so long as 
rotational motion of the element is going on,* and Stokes’ criticism would not apply 
in this case. If again we imagine an ordinary elastic medium foil of elementary 
magnets with orientations distributed according to some law or even at random, and 
iu internal equilibrium either in its own magnetic field or in the field of some external 
magnetic system, then on rotational distortion a couple will be required to hold each 
element in equilibrium ; so that the conjugate tangential tractions on the surface of 
the element cannot be equal and opposite in this case either. The couple depends 
here on the absolute rotation of the element of volume, not on its angular velocity as 
in the previous illustration. The potential energy of such a medium as this will 
contain rotational terms of MacCullagh’s type, and its condition of internal 
equilibrium will be correctly deduced from an energy-function containing such terms 
by the application of the Lagrangian analysis. The origin of the elasticity purely 
rotational of MacCullagh’s medium is we may say unknown ; the first example here 
given shows that it cannot be simply gyrostatic, though Lord Kelvin has invented a 
complex gyrostatic structure that would produce it;+ and either example shows that 
we are not warranted in denying the possibility of such a medium because the 
equilibration of an element of it requires an extraneous couple. The explanation of 
gravitation is still outstanding, and necessitates some structure or property quite 
different from, and probably more fundamental than, simple rotational elasticity of the 
aether and simple molar elasticity of material aggregations in it; and this property 
may very well be also operative in the manner here required. 

38. It becomes indeed clear when attention is drawn to the matter, that there is 
something not self-contained and therefore not fundamental, in the notion of even a 
gyrostatic medium and the resistance to absolute motion of rotation which it involves. 
For we want some fixed frame of reference outside the medium itself, with respect to 
which the absolute rotation may be specified ; and we also encounter the question 
why it is that rotatory motion reveals absolute directions in this manner. Another 
aspect of the question appears when we consider the statical model with its rotational 
property produced by small magnets interspersed throughout it, the medium being 
in internal equilibrium in a magnetic field when unstrained ; the unbalanced tractions 
on the element of volume are here supplemented by a couple due, as to sense, to 
magnetic action at a distance, and it is the energy of this action at a distance which 
constitutes the rotational part of the energy of the model. We may if we please 
suppose some analogous action at a distance to exist in the case of the actual aether, 
the ultimate explanation of which will be involved in the explanation of gravitation. 
Now in this magnetic analogue to our medium the equations of equilibrium and motion 
are clearly quite correctly determined by the analytical method of Lagrange. So 

* Of. ‘ Proc. Loud. Math. Boo.,’ 1890. 

t Lord Kelvin (Sir W. Thomson), ‘CompteeRendus,’ Sept. 16,1889; ‘ Collected papers,' Vol. HI.,p. 467. 
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long as the potential energy is derived from a forcive emanating and transmitted 
nearly instantaneously from all parts of the medium aud not merely from the 
contiguous elements, its location is expressed, quite sufficiently for dynamical purposes 
which are concerned with a finite volume of the medium and finite velocity of 
propagation, by attaching it to the element on which the forcive acts. The medium 
of MacCullagh therefore, on a saving hypothesis of this kind, appears to escape the 
kind of objection above mentioned. 

Part II.— Electrical Theory. 

89. The next stage in the development of the present theory is the application of 
the properties of non-vibrational types of motion of the primordial medium to the 
explanation of the phenomena of electricity. In accordance with the interpretation 
of MacCullaoh’b equations, on the ideas of the electro-magnetic theory of light, 
the electric displacement in the medium is its absolute rotation (f g, h) at the place, 
and the magnetic force is the velocity of its movement djdt (£, r/, £). At the 
beginning, our view will be oonfined to rotational movements unaccompanied by 
translation, such namely as call into play only the elastic forces which are taken to 
be the cause of optical and electro-motive phenomena ; but later on we shall attempt 
to include the electrical and optical phenomena of moving bodies. 

In the ordinary electro-magnetic system of electric units we should have 
4 n(f, g, h) — curl ($, rj, £) ; but in purely theoretical discussions it is a great simpli¬ 
fication to adopt a new unit of electric quantity such as will suppress the factor 4 t r, 
as Mr. Heaviside has advocated. Except in this respect, the quantities are all 
supposed to be specified in electro-magnetic units. 

It may be mentioned that a scheme for expressing the equations of electro¬ 
dynamics by a minimal theorem analogous to the principle of Least Action, has 
recently been constructed by von Helmholtz.* 


Conditions of Dielectric Equilibrium. 

40. The conditions of electro-motive equilibrium in a general seolotropic dielectric 
medium are to be derived from the variation of the potential-energy function 



On conducting this variation, we have 

* H. VON Hf:?,MHOI.tz, “ Das Princip der k lei ns ten Wirkung in der Etectro-dynamik,” ‘ Wied, Ann.,' 

voi. 47,1892. 


5 C 2 
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= f {af(mK - nhr}) + b*g (n8f - IK) + c*h (Br, - m8£)} dS 

- ({-'(I« - 1 *) + s * (£* - f«) + *{£»•- |»f)l * 

s= | {(nb 2 g — mc 2 A) 8f -j- {lc?h — wa 2 / 1 ) St; + (mcftf — W/gr) 8£} dS 

where (l, m, n) represents the direction of the normal to the element dS. 

The vanishing of the volume integral in this expression for all possible types of 
variation of (£ ij, £) requires that 

a“f dx -f- b \7 dy + dz — — dY, 

where V is some function of position, in other words that 

if f±± LjL ±A.\v 

V, 9, '•') — ^ fa' dy * <? dz) 

The vanishing of the surface integral requires that the vector (a 2 /, b*g, c 2 h) shall 
lie at each point at right angles to the surface. 

It is hardly necessary to observe that in this solution V is the electric potential, 
from which the electric displacement (f, g, h) is here derived by the ordinary electro¬ 
static formulae for the general type of crystalline medium, and that the surface 
condition is that the electric force is at right angles to the surface, or in other words 
that the electric potential is constant all over it. 

In deducing these conditions it has been assumed that the electrostatic energy is 
null inside a conductor; thus in statical questions the conductors may be considered 
to be regions in the medium devoid of elasticity, over the surfaces of which there is 
no extraneous constraint or forcive applied. 

41. In this analysis it has not been explicitly assumed that the electric displace¬ 
ment is circuital, i.e. that 

. & _l - o. 

dx ' dy dz 

If we were to introduce explicitly this equation of constraint, we must by Lagrange’s 
method add a term 
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to tbe energy fimetion, before conducting the variation; and we must subsequently 
determine the function of position X so as to satisfy the conditions of the problem. 
'Hie result would now come out 

<“’/+ »• ^+», «■*+*>=- (£. £. i) v, 

with the condition that V is constant over the surface of the conductor : where 

» = KI + ¥+£) 

and would represent so to speak an electromotive pressure uniform in all directions. 
The introduction of such a quantity would make the equations too general for the 
facts of electrostatics; on this ground alone we might assume $ to be null, and 
therefore V to be subject to a characteristic equation 

dx \ «* dx) dy \ b 2 dy) dz \c 2 dz ) 

This investigation may remain as an illustration of method; but it is not required, 
when we bear in mind the constitution of the medium. Since 


(/. 9, h) = curl (£ 7), 0 


we rmist have (/, g, fi) circuital; so that the characteristic equation for Y is involved 
in the data, without the necessity of any appeal to observation ; while the intro¬ 
duction of the quantity & would be illicit, and would have to be annulled later on. 

42. If we assumed that the energy-function contained a term 





the conditions of electromotive equilibrium would come out 



dddg da 2 / __ tWh dbfy __ da*f \ / <af d \ , 

da ’ da dx dx dy) \dx dy’ dz J 


and 

(mcVi — nh l g, na*f—IcVi, lb*g — ma?f) = — (f, m, n), 


where 
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Throughout a region devoid of elasticity this electromotive pressure 3' must be 
constant, and the electric force just outside its'boundary must be along the normal ; 
in the dielectric 3' must satisfy Laplace’s equation, and so be the potential of an 
ideal superficial distribution of matter; but the electric force is not now derived from 
a potential, although its curl is derived from the potential 3' just specified. 

The phenomena of electrostatics require that this term does not occur in the 
energy; and that may be either (i) because d%jdx -f dtjjdy -+■ dljdz is null, and 
the medium so to speak incompressible, or (ii) because A is null, so that the medium 
offers no resistance to laminar compression. But there is, apparently, nothing as yet 
to negative a constitution of the medium approximating extremely close to either of 
these two limiting states for both of which the equations of electrostatics would be 
exact. It has been shown already that there is absolutely nothing against such a 
supposition in the theory of light. But the experiments of Cavendish in proof of 
the electrostatic law of inverse squares, as repeated by Maxwell, may be taken as 
showing that the ratio of any compressional effect to the rotational part of the 
phenomenon is at any rate excessively minute. A very small compressional term like 
this might possibly be of advantage in an attempt to include gravitation among 
the manifestations of rothereal activity, a point to be examined later on. It differs 
fundamentally from the compressional term introduced by von Helmholtz into the 
equations of electrodynamics. 

43. We may also apply the variational equation of equilibrium to a volume in the 
interior of the dielectric medium, and therefore subject to surface tractions from the 
surrounding parts. It thus appears that the component surface-tractions in the rather 
in the directions of the axes of co-ordinates are, per unit area lying in the direction 
(l, m, n), 

nb 2 g — mcVi, lc*h — na a f> n%a\f — Wg; 

their resultant is tangential, i.e. in the plane of the element; it is equal to the 
component of the electric force in that plane, and is at right angles to that component. 
This is the specification of the ratbereal stress by which static electromotive 
disturbance is transmitted across a dielectric medium. This stress does not at all 
interfere with any irrotational fluid motion which may be going on in the medium, or 
with the normal hydrostatic pressure which regulates such motion. 


Electrostatic Attraction between Material Bodies. 

44. When two charged bodies are moved relative to each other the total electrical 
energy of strain in the aether is altered; on the other hand, since the electrical 
displacement (rotation of the aether) is circuital, the charges of the bodies are 
maintained constant. In the absence of viscosity, this loss or gain of energy must be 
due to transference to some other system linked with the electric system ; it reappears 
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in fact as mechanical energy of the charged conductore, which determines the 
mechanical forcive between them. It is desirable to attempt a closer examination of 
the nature of the action by which this transfer of energy takes place between 
the aether and the material of the conductors, and by which the similar transfer takes 
place at a transition between one dielectric substance and another. 

In the displacement of a conductor through an excited dielectric there is thus an 
overflow of electromotive energy, and in the absence of viscous agencies and radiation 
it simply displays itself in ordinary mechanical forees acting on the surface of the 
conductor. The magnitude of these forces has been examined experimentally in 
different media, and has been found to correspond precisely with this account of 
their origin; good reason can be assigned to show that their intensity changes from 
point to point of the surface according to a law* (KJ^/Sir, where P is electric force) 
which suggests that the energy is absorbed by the conductor at its surface. In a 
similar way, when a dielectric body is moved through the electric field the trans¬ 
formation of energy takes place at the interface between the two dielectrics. 

The statical distribution of electromotive stress in the excited sethereal medium 
is definite and has just been determined: it involves on each element of interface 
in the dielectric aether a purely tangential traction at right angles to the tan¬ 
gential component of the electric force and equal to it. This is the denomination 
of stress that corresponds to the displacement (£, 7 ), £), just as an ordinary force 
corresponds to a translation of matter or a couple to a rotation. If we have no 
direct knowledge of the sethereal displacement (£ y, £) we cannot actually recognize 
this stress; but when (£, 77, £) is taken as here to be a linear displacement, this 
electromotive stress must be a mechanical stress in the aether such as does work in 
making a linear displacement. 

45. The mechanical traction along the normal, which is distributed over the 
surfaces of two conductors separated by an excited dielectric, as for example the 
coatings of a charged Leyden jar, may be balanced by supports applied to the 
conductors; or if there is a dielectric body between them, it may be mechanically 
balanced by a stress in the material of this dielectric. This is the only kind of 
mechanical stress in a dielectric of which we have direct cognizance : its amount has 
been calculated by KlRCHHOFFt and others for some cases, and compared with 
experimental measures of change of volume of dielectrics under electrification. The 
stress in the aether itself has been here deduced by a wholly different path. 

It will possibly be a true illustration of what occurs to imagine each element 

• Of. “ On the theory of Electrodynamics, as affected by the nature of the mechanical stresses in 
excited dielectrics,” ‘Boy. Soc. Proc.,’ 1892. 

f Gt. Kirchhoff, “ Ueber die Formanderung, die ein fester elastisoher Korper crfiihrt, wean er magno- 
tisoh oder difilectrisch polarisirt wird,” ' Wied. Ann.,’ 24,1885, p. 52; 25,1885, p. 001. Such a stress, 
involving the square of the electric intensity instead of its first power, must of necessity be of secondary 
character, and cannot take direct part in wave-propagation in the electric medium. 
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of surface dS of the conductor to eucroach by forward movement into the excited 
dielectric. As it proceeds, its superficial molecules somehow dissolve or loosen the 
strain of each little piece of the dielectric eether as they pass over it. Each 
fragmentary easing of strain sends a shiver through the dielectric aether, which 
however practically instantaneously readjusts itself into an equilibrium state. Thus 
the process goes on, the gradual molecular dissolution of the strain by the advance 
of the conductor shooting out minute wavelets of rearrangement of strain into the 
dielectric, which are confined to the immediate neighbourhood and are quite undis- 
eemible directly, because on account of their great velocity of propagation the aether 
is always excessively near an equilibrium condition.* The pressural reaction (§ 97) 
of these disturbances on the conductor may be taken to be the source of the mechanical 
forcive experienced by it, which does work in impelling its movement and to an equal 
extent exhausts the energy of the dielectric. 

Imagine a very thin element dS on the surface of the conductor, thick enough, 
however, to include this layer of intense disturbance of the aether; it will be subject 
to this electric reaction of the excited dielectric acting on it on the one side, and the 
elastic traction of the material of the solid conductor acting on it on the other side; 
and as its mass is very small compared with its surface, these forcives must equilibrate. 
For if this superficial element is displaced outwards through a very minute 
distance ds, the following changes of energy result; the energy of the dielectric is 
altered by the subtraction of that contained in a volume dSds of it, while the elastic 
normal traction P of the conductor does work VdSds. These changes must com¬ 
pensate each other by the energy principle of equilibrium (compare § 58); hence 
the normal elastic traction P is equal to the energy in the dielectric per unit volume. 
The consideration of a tangential displacement of the element leads in the same way 
to the conclusion that the tangential elastic traction, required to be exerted by its 
material backing in order to maintain its equilibrium, is null. 

Electrodynamic Actions between Material Bodies. 

46. In order to examine how far our energy-function of an rothereal medium 
involves an explanation of electrodynamic phenomena, we must begin with a simple 
case of electric currents that will avoid the introduction into the field of all com¬ 
plications like galvanic batteries, which could not easily be included in the energy- 
function. Let us therefore consider two charged condensers with their two pairs of 
coatings connected by thin wires as in the annexed diagram ; and let us suppose the 
two plates of one of the condensers to be steadily moved towards each other when 
both pairs of coatings are thus in connexion. This will produce a steady current 
in the conducting wires, which will flow completely round the circuit; the only 

* Of. Sir G. G. Stokbb, “ On the Communication of Vibrations from a vibrating body to the surround- 
ing gas," ‘ Phil Trans,’ 1868, p. 448 ; or in Lord Ratleigh, ‘ Theory of Sound,' vd. 2 . 
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bspflM»rdbe«j- Ux*j»»^gr o^r t^be <mrrent «mt® At the condensers themselves, and these 
may be made negligible by taking the dieleotrio plates very thin. In this way a 
steady current can be realised in a conductor devoid of resistance, without the aid 

ive source,* 


47,Now we have to inquire what account the dynamioal theory gives of this 
steady current. ha the first place, the motion is very slow in comparison with the 
velocity of electric propagation; therefore the interior of the dielectric is at each 


instant sensibly in an equilibrium condition, for the same kind of reason that moving 
a body slowly to and fro does not start any appreciable sound waves in the 
atmosphere.. Thus at each instant the veotor (/, g, h) is derived as above from a 
potential function V; and at the surface of any of the conductors (supposed here of 
insensible resistance) it is directed along the normal, if the medium is isotropic. It 
is, in fact, in the more familiar electric language, at each instant the electric displace¬ 
ment determined by the charges which exist in a state of equilibrium on the faces of 



the condensers and on the connecting wires. This electric displacement in the 
dielectric field is, owing to the condensing action, very small compared with the 
charges involved, except between the plates of the condensers and close to the thin 
conducting wire. Imagine a closed surface which passes between the plates of one 
of the condensers, and intersects the conducting wire at a place P. As the vector 
(f, g, h) is by its nature as a rotation circuital, its total flux through any surface muBt 
be null, if we imagine the elastic continuity of the medium inside the conductors to 
be restored, and such an electric displacement at the same time imparted along the 
wire as will leave the state of the field unaltered and thus no disturbance inside 
the conductors. And this flux must remain null when the plates of the condenser 
are slightly brought together; or rather we have to contemplate such a flow of 
displacement along the wire as will make it remain null. The movement of the 
plates will, however, very considerably alter the large flux across that portion of the 

* Of. “A mechanical representation of a vibrating electrical system and its radiation,” ‘ Proc. Gamb. 
PML Soo.,’ 1891. 
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surface which lies between them; and the total flux lor the oth^ pait of the w&iDie 
not near the wire is as we have seen of trifling amount; tbereforathe alteration just 
mentioned must be considered to be balanced by an intense alteration of the shove 
ideal flux in the immediate neighbourhood of the surfaoe of the wire, in fact along 
its very surface if it is a perfect conductor. Immediately this change of the capacity 
of the condenser is over, the vector (/ g, b) will be back in its equilibrium condition 
in which it is, at each point of the surface of the wire, directed along the normal. 
As (f g, h) represents the electric displacement in the fields the intense flux here 
contemplated, close to or on the surface of the wire, when the capacity is undergoing 
change, is the current in the wire. But all these circumstances concerning it have 
been made out from the dynamics alone, electric phraseology being employed only to 
facilitate the quotation of known analytical theorems about potential fhoctions, and 
about bow their distribution through space is connected with the forms of surfaces 
to which their fluxes are at right angles, and over which they therefore have them¬ 
selves constant values. 


Tf now while a currant is flowing round the circuit, the two condensers are imagined 
to be instantaneously removed, and the wire made continuous, we shall be left with 
an ordinary circuital current, wbicb in the absence of dissipative resistance will flow 
on for ever. 

48 . The argument k the above rests on the feet that there is circuital change of an 
elastic displacement dfit (f, g, h) distributed throughout the dielectric, while the 
medium is discontinuous at the surface of the perfectly conducting wire because 
displacement cannot be sustained inside the wire. When we for purposes of calculation 
imagine the elastic quality to extend across the section of the wire, and so avoid 
consideration of the discontinuity in the medium, we must imagine as above a flow of 
rotational displacement along the wire so long as the capacity of one of the condensers 
is being altered; and the velocity in the field will be deducible, by the ordinary 
formulae for a continuous medium, from this ideal flow together with the actual 
changes of displacement throughout the dielectric. For a perfect conductor the 
circumstances will be exactly represented by confining this flojv to its surface; what 
is required to make the analytical formulae applicable, without modification on 
account of discontinuity in the medium, is simply the addition of such an ideal flow 
at the places of discontinuity as shall render the displacement (/, g, h) circuital 
throughout the field, without disturbing its actual distribution in the volume of the 
media. 

The kinetic and potential energies of the medium may in fact either be calculated 
for the actual configuration, when they will involve surface integral terms extended 
over the surfaces of discontinuity, or they may be calculated as for a continuous 
medium if we take into account a flow of displacement along these surfaces, such as 
we would require to introduce by some agency if the medium were perfectly 
continuous, in order to esta Wish the actually existing .state of motion throughout it; 
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in estimating the energy of the medium in terms of the flow of displacement these 
surface sheets must be iadtided, after the manner of vortex sheets in hydrodynamics. 

In the same way, when the electric charge on a conductor is executing oscillations, 
a vortey sheet of changing electric displacement, such as will make the displace* 
ment in the Add everywhere circuital, must be supposed to exist on the surface of 
the conductor. 

49. There is this difference between actual electric current-systems and the 
permanently circulating currents, or vortex rings, in this sethereal medium, that the 
latter move in the medium so that their strengths remain oonstant throughout all 
time, -while alteration of the strength of an electric current is produced by electro* 
dynamic induction. In our condenser circuit, however, the strength of the current 
depends on the rate of movement of the plates of a condenser, that is, it is affected 
by changes in the rotational strain-energy of the portions of the medium which are 
situated in the gaps across the conducting curcuit. Motion of the condenser-plateB 
produces a flow of displacement across any closed surface which passes between them, 
and therefore is to be taken as producing an equal and opposite flow where this 
surface intersects the connecting circuit. That ideal flow, or current, the repre¬ 
sentation of the action of the channel of discontinuity on the elastic transmission 
in the medium, implies on the other hand a hydrodynamical circulation of the medium 
round the conducting circuit, which provides the kinetic energy of the electric current. 
A current in a conductor has practically no elastic potential energy, because for 
movements of ordinary velocity the medium is always sensibly in an equilibrium 
condition, any beginning of an electromotive disturbance of the steady motion being 
instantly equalized before it has time to grow. A complete current, consisting of a 
flexible vortex-ring, or even circulating in a rigid core in the free aether, will thus 
maintain its strength unaltered, that is, the surrounding aether will move so that the 
electrodynamic induction in the circuit is always null; but if the current-curcuits are 
completed across the dielectric or through an electrolytic medium, this constraint to 
nullity of induction will be thereby removed, and constancy of circulation will no 
longer be a characteristic of such a broken vortex-ring, so to speak, in the medium. 

50. The above mode of representing the surface-terms in the kinetic energy of 
course supposes that the intensities of the vortex sheets have been somehow already 
determined, or else that they are to be included in the scheme of variables of the 
problem. When the conductors are of narrow section, then as regards their action at 
a distance all that is wanted is the aggregate amount of flow across the section, that 
is, the electric current in the wire in the ordinary sense ; and the introduction into 
the energy of terms calculated with reference only to these aggregates of flow is 
sufficient as regards the effeot at distances from the conductors that are great com¬ 
pared with the dimensions of their cross sections. But if the details of the distribu¬ 
tion round th© section are required, the term in the energy muBt be more minutely 
specified »§ * surface-integral due to the interaction of the different elementary fila- 
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meats of the flow which are situated round the periphery of the section, much as the 
energy of a vortex sheet is introduced in the theory of discontinuous fluid motion; 
and its variation will .now lead to electro-dynamic equations of continuous electric 
flow in the ordinary manner. There is no difficulty in extending this view to oases 
in which the breach of circuital character of the displacement-ounren t djdt (f,g, h) 
may have to be made up by an ideal distribution of flow throughout the volume, that 
is, by a volume instead of a surface distribution of electric currents, as in an actual 
conductor of finite resistance. 

[51. (Added June 14.) The velocity of a fluid is derivable in hydrodynamics, by 
kinematic formulae, from the vorticity of its flow, provided we suppose the vorticity 
to include the proper vortex sheets spread over the surfaces of discontinuity of flow, 
if such exist; in the same way the magnetic force is derivable as above from the 
displacement-current, provided this current indudes die proper current-sheets over 
tbe surfaces of the conductors or other surfaces of discontinuity of the magnetic field. 

Let us consider an isolated uncharged conductor, and imagine an electric charge 
imparted to it. This charge is measured by the integral of the electric displacement 
(ft 9> h) taken over any closed surface surrounding tbe conductor. Now if this 
rotational displacement were produced by continuous motion in the surrounding 
medium, its surface integral over any open sheet would be equal to the line integral 
of the linear displacement of the medium taken round the edge of the sheet. In a 
closed sheet the surface-integral would therefore be null; thus a charge cannot be 
imparted to a conductor without some discontinuous motion, or slip, or breach of 
rotational elasticity, in the medium surrounding it. If we imagine the charge to be 
imparted by means of a wire, tbe integral of electric displacement over any open 
surface surrounding the conductor and terminated by the wire is equal to the line- 
integral of the linear displacement of the medium round the edge of this surface 
where it abuts on the wire. If the wire is thin, this line integral is therefore the 
same at all sections of it, and thus involves a constant circulatory displacement of the 
medium around it. If the wire is a perfect conductor, there is no elasticity and there¬ 
fore no rotational displacement of the aether inside its surface; thus there is slip iu 
the medium at the surface of the wire; and if we desire to retain the formulae of con¬ 
tinuous analysis, we must contemplate a very rapid transition by means of a vortex 
sheet at the surface, iu place of this discontinuity. This vortex sheet is in the present 
example continuous with rotational motion in the outside medium; the tubes of 
changing vorticity, i.e. of electric ourrent, are completed and rendered circuital by 
displacement currents in the surrounding dielectric. But in the case of the con¬ 
denser-circuit above considered, the alteration of the density of the vortical lines 
between a pair of plates, which is produced by separating them, involves a trans¬ 
lational circulatory movement around the edge of the oondenser and throughout the 
medium outside, which is almost entirely of irrotational type, except at the surface of 
the conducting wire where a vortex sheet has to be located in order to avoid discon* 
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tinuity. Hie iirotational motion in the surrounding medium, which is thus continuous 
with the vortex sheet, and therefore determined by it, represents the magnetic field 
of the current flowing in the wire. On the other hand, in the illustration of this 
section, the motion in the medium is not irrotational, for it represents the field deter¬ 
mined by the displacement currents in the medium and the conduction current in the 
wire, taken together.] 

52. To return to our condenser illustration; it does not follow from the superficial 
character of the current d/dt (/, g, h) that the velocity-vector d/dt (£, y, £) is also 
very small throughout the field except at the very surface of the wire. We have in 
fact (/, g, h) = curl ((, r), £), therefore 


*«*«-(=•£•£) ( 2 +*+£)-- *>= 

so that, the compression d£/dx + dtf/dy -f dl/dz being null, d/dt (£, ij, {) are.the 
potentials of certain ideal mass-distributtons close to the surface of the wire; therefore , 
they are of sensible magnitude throughout the surrounding field. 

It appears from the surface character of the disturbance of the electric displacement 
(/» 9> h) which m thus introduced for current-systems flowing in complete circuits, 
that if we transform the kinetic-energy function 


in which it is convenient to take the density to be unity, so that it shall be expressed 
in terms of the current d/dt (f g, h), at the same time treating the rotational 
displacement of the medium as continuous, we shall have practically reduced it to a 
surface integral along the wire. To effect this, let (F, G, H) be the potentials, 
throughout the region, of ideal mass-distributions of densities d/dt (f g, h ): so that 


(F,G,H) = Jt-✓.*'). 


where r is the distance from the element of volume dr to the point considered; then 
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dx 
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on integrating by parte. The medium is supposed here to be mathematically con¬ 
tinuous as above, thus avoiding separate consideration of the conducting channels,— 
though its structure may change with very great rapidity in crossing certain 
interfaces ; and it is taken to extend through 41 space, so that the surface-integral 
terms may be omitted, no active parts of the Bystem being supposed to be at an 
infinite distance. Thus 



which is the form required, expressed as a double integral throughout space* 

For a network of complete circuits carrying currents q, i 3 ,.. . we may express this 
formula more simply as 

4wT = i 4 i® f j~7^ <*»! + «•• + h*» ({““A ds % + , 

where c is the angle between the directions of the two elements of arc; which 
is Neumann’s well-known form of the mechanical energy of a system of linear 
currents. The currents are here simply mathematical terms for such flows of electric 
displacement along each wire as would be required to make the displacement 
throughout the field perfectly circuital, if the effective elasticity were continuous in 
accordance with the explanation above. 

53. Now if two wire circuits carry steady currents, generated from condensers in 
this manner, and are displaced relatively to each other with velocities not considerable 
compared with the velocity of propagation of electromotive disturbances, the electric 
energy of the medium is thereby altered. There is supposed to be no viscous resist¬ 
ance in the system, and no sensible amount of radiation; therefore the energy that is 
lost by the medium must be transferred to the matter. This transfer is accomplished 
by the mechanical work that is required to be done to alter the configuration of the 
wires against the action of electrodynamic forces operating between them ; for these 
mechanical changes have usually a purely statical aspect compared with the extremely 
rapid electric disturbances. The expression T, with its sign changed, is thus the 
potential energy of mechanical electrodynamic forces acting between the material 
conductors which carry the currents. 

Furthermore, as above observed, the electro-kinetic energy and the electrodynamic 
forces at which we have arrived are expressed in terms of the total current flowing 
across any section of the wire supposed thin, and do not involve the distribution of 
the current round the contour of the section to the neighbourhood of which it is 
confined, nor the area or form of the section itself. It therefore does not concern us 
whether the wire is a perfect conductor or not; the previous argument from the 
circuital character of the rotation (/, g, h) shows that the total current is still the 
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came across t41«BCtaona '-of the wire, and that the energy relations are expressed 
in the meet meaner as before in terms of the total current. 

The eleetrodynamic forces between linear current-systems are thus fully involved 
in the kinefcic^energy function of the {ethereal medium. The only point into which 
we cannot at present penetrate is the precise nature of the surface-action by which 
the energy is transferred (just as in § 45) from the electric medium to the matter of 
the perfect conductor; all the forces of the field are in fact derived from their appro¬ 
priate energy-functions, so that it is not necessary, though it is desirable, to know 
the details of the interaction between sether and matter, at the surface of a con¬ 


ductor. 


Mathematical Analysis of Electro-Kinetic Forces and their reaction on the Material 

Medium. 


54. We have shown that the electro-kinetic energy of a system of linear electric 
currents may be expressed in the form 

4*T = £ V ds x ds x + Sqi* ds x ds t , 

the velocity-system which they involve being sufficiently described by the set of 
velocity co-ordinates q, i 2 , . . . combined with the kinetic constraints derived from 
the constitution of the sether. To mark that these quantities are dynamically 
velocities, let us denote q, t 2 ,. . . by dejdt, dejdt ,... so that e v e 8 ,. . . will be taken 
as electric co-ordinates of position. The general variational equation of motion may 
be expressed in the form 

8 fidt = JSW, dt -f {(E x Sfi, + E* Se s + . ..) dt. 


where E, is by definition such that E, 8e x is the work done in the system during a 
displacement Se lt so that in electric phraseology E x with sign changed is the electric 
force integrated round the circuit 1, or the electromotive force in that circuit. Also 
Wj is any other potential energy the system may possess ; the energy of electric strain 
throughout the medium being now very small, as there are no static electrifications, 
and the motions are supposed slow compared with the velocity of radiation. Thus, 
adopting the notation of coefficients of eleetrodynamic induction, so that 


T=iL,^ + iL,^ + ... + M 


de£ 


dt* 


dt* 


s 

Ln dt dt 


+ 


Lj, I*.. . ., M 12 ,... depending on the configurations of the circuits, we have 

s }t * = s J(l, I + M„ * +...) it + f*r *. 




srso ' . ijgnm •’ 

where in the last term S,T refers to the change of T due to ohange of material con¬ 
figuration only. Hence 

8 J T <fe = | 2 (L& + + * *. 4 | 

— 2 f Jr (Lj ^ + M W J* + •• .j &i dt +*1 fyTcfc, 

the terms in | . .. | referring to the beginning and end of the time. 

Thus we derive, and that in Maxwell's manner but rather more rigorously, 
Faraday’s law of the induced electromotive force {— E x ) under the form 

-E, = -|(L 1 ., + M lA + ...)=-|S 

55. As already mentioned, for currents flowing round complete conducting circuits 
devoid of viscosity, the values of q, t 3 ,. . . are constant, by a sort of constraint or 
rather by the constitution of the medium, throughout all time; and the electromotive 
forces Ej, E 2 ,. .. here determined have no activity. But if, as in actual electric 
currents, the strengths are capable of change owing to the circuits being completed 
by displacement currents in the dielectric or across a voltaic battery thus constituting 
gaps through which additional displacement can so to speak flow into the conductors, 
or owing to viscous effects in the conductors carrying them which must also involve 
snch discontinuity, then the forces Ej, Ej,. .. here deduced from the energy-function 
will have an active existence, and the phenomena of electrodynamic induction will 
occur. Alteration of the strength of a current implies essentially incompleteness of 
the inelastic circuit round which it travels, and may be produced either by change of 
displacement across a dielectric portion of the circuit, or through the successive 
breaches of the effective elasticity of the eether which are involved in electric trans¬ 
mission across an electrolyte, and also probably in transmission through ordinary 
media which are not ideal perfect conductors. In short, the existence of electro¬ 
dynamic induction leads to the conclusion that currents of conduction always flow in 
open circuits; if the circuit were complete, there would be no means available for the 
medium to get a bold on the current circulating in it. On this view the Amperean 
current circulating in a vortex atom is constant throughout all time, and unaffected 
by electrodynamic induction, so that there is apparently no room for Weber's 
explanation of diamagnetism 

56. The vorticity in a circuit, that is, the current flowing round it, can thus be 
changed only by an alteration of the displacement across a break in the conducting 
quality of the circuit, or by the transfer of electric charge across an electrolyte, in 
which case it is elastic rupture of the medium that is operative. Such an alteration 
of current will be evidenced by, and its amount will be derivable from, the change in 
the energy-function of the dielectric medium, in the manner above described. When 
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to remain constant 


> current in it isrestricted by the 
and therefore an electromotive force 


IS.rpand ^»nmrcitttt, of the kind here determined, can do no work; it is not operative 
in the phenomena. The induction of a current on itself, due to change of form of its 
circuit, is bound up with the continued maintenance of the current by feed from 
batteries 0 * other sources included in the circuit, in opposition to dissipation in the 
conductors winch is connected with a sort of transfer by discharge from molecule to 
moleoule within their substance: in an ideal perfectly conducting circuit there would 
be no such induction. A case which strikingly illustrates these remarks is the 
maintenance of a continuous current by a dynamo without any source other than 
mechanical work. The very essence of this action consists in the rhythmical make 
and break of the two circuits of the dynamo in synchronism with their changes of 
form, so that they are interlocked during one portion of the cycle and unlocked during 
the remainder. Such lockings and unlockings of the circuits may of course be produced 
by sliding contacts, but these are equivalent for the present purpose to breaches in 
the continuity of the conductors. The original apparatus of Faraday’s rotations 
(Maxwell, “ Treatise,” Vol. II., § 486), which was the first electromotor ever 
constructed, and which driven backwards would act also as a dynamo, illustrates 
this point in its simplest form. Without some arrangement which allows the two 
circuits to cut across each other in this manner, there could be no induction of a 
continuous current, but only electric oscillations in the dielectric field, which could 
however be guided along conducting wires, as in alternate-current dynamos. The 
phenomena of electric currents in ordinary conducting circuits are thus more general 
than the phenomena of vortex-rings in hydrodynamios, or of atomic electric currents, 
in that the strengths of the currents in them are not constrained to remain constant; 
an additional displacement current can, so to speak, flow into a conductor at any 
of its breaches of continuity. The variables of the problem are thus more numerous, 
and the energy-function leads to more equations connecting them. 

57. We might now attempt to proceed, by including the mechanical energy of the 
material conductors in the same function as the electro-kinetic energy, thus deducing 
that the energy gained by altering the co-ordinate <j> x is (dT/ctyi) 8 ^, in other words 
that the displacement B<f> x is opposed by a force equal to dT/d<f> v This would make 
currents flowing in the same direction along parallel wires repel each other, and in fact 
generally the force thus indicated is just the opposite to the reality. 

The expression T represents completely the energy of the system so far as electro¬ 
motive disturbances are oonoerned, as has been proved above. But we have no right 
to assume that the energy of the system, so far as to include movements of the 
conductors and mechanical forces, can be completely expressed by this formula with 
only the electric co-ordinates and the sensible co-ordinates of the matter involved in it; 
for the yhw obaofctf n that links them together is too complicated to be treated other¬ 
wise than statistically. We may however proceed as in the electrostatic problem ; a 
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displacement increases T by $T; this increase must come from same source; as thesfeis 
Supposed to be no dissipation it must come ultimately from the energy of the material 
system. During the displacement the electromotive system is at each moment 
sensibly in ah equilibrium condition, so that there is practically no interaction between 
the kinetic energies of the electromotive and the material systems such as would arise 
from mixed terms in the energy ^function involving both their velocities,—a feet verified 
experimentally by Maxwell.* Thus somehow by means of unknown connecting 
actions, the displacement alters the mechanical energy of the system by an amount 
— ST, and of this, considered as potential energy, the mechanical forces are the result. 
The mechanical force acting to increase the co-Ordinate fa is therefore «PT fdfa. In 
fact, instead of considering the material system to be represented by the co-ordinates 
fa, fa,. , . which enter into the electro-kinetic energy, we must consider it to be an 
independent system linked on to the electro-kinetic system by an unknown mechanism, 
which however is of a statical character, so that energy passes over from the electro- 
kinetic system to the other one as mere statical work, without any complication arising 
from the effects of mixed kinetic reactions. In the discussion in Maxwell’s '‘Treatise,” 
§ 570, this idea of action and reaction between two interlocked systems, the electro¬ 
motive one and the mechanical one, has in the end to be introduced to obtain the 
proper sign for the mechanical force. The energy T is electro-kinetic solely; no 
energy of the material system is included in it. 

58. This deduction of the electrostatic and the electrodynamic mechanical forcive 
may now be re-stated in a compact form, which is also noteworthy from the circum¬ 
stance that it embodies perhapB the simplest method of treatment of the energy- 
function in all such cases. Let us consider the dynamical system under discussion to 
be the purely electric one, that is, to consist of the dielectric medium only, so that 
it has boundaries just inside the surfaces of the conductors, which are supposed to be 
perfectly inelastic. The energy function T -f- W remains as above stated, for all the 
energy is located in the dielectric; the electro-kinetic part T arises from motion of the 
medium, and the electrostatic part W from its rotational strain. But in the equation 
of Least Action we must also take account of tractions which may be exerted by the 
matter of the conductors on the boundary of this dielectric system. If Bw dS denote 
the work done on the dielectric by these tractions extended over the element dS of 
the surface, the equation of Action will be 

8J(T - W )dt~ JdiJStedS ss 0, 

the time of passage from initial to final position being unvaried. When the dis¬ 
turbances considered are, as usually taken, too slow to generate sensible waves in the 
dielectric, and even when this restriction is not imposed, it equally follows that the 

* Maxwei.t,, ‘ Treatise,’ Part IV., “ Electromagnetism,” Chap. VT. The apparatus was constructed as 
early as 1801 . 
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trscrions of tip# conductors on die dielectric system are derived from a potential 
energy function T — W, only in the latter ease the value of this function is 
mom difficult to determine; hence the tractions of the dielectric on the conductors 
«»e derived from a potential energy function — (T — W). Of this potential function 
the first part gives the electrodynamie forces acting on the conductors, the second 
part the electrostatic forces. This mode of treatment is clearly perfectly general, and 
applies, fear instance, with the appropriate modification of statement, to the deter¬ 
mination of the electrodynamics forces of an element of a continuous non-linear currant 
flowing through a conducting medium; it will be shown presently that the electric 
dissipation-function can contribute nothing to the ponderomotive forcive. 

That the part of the forcive which is due to the variation of this potential 
energy W is correctly expressible by means of the electrostatic traction KF/Str on 
the surfaces of the conductors, may be verified as follows. Suppose an element of 
surface dS of the conductor to encroach on the dielectric by a normal distance dn ; 
the energy that was in the element of volume d8 dn of the dielectric has been 
absorbed; and in addition the energy of the mass of the remaining dielectric has 
been altered by the slight change of form of the surface of the conductor in the 
neighbourhood of the element dS. Now the dielectric is in internal equilibrium, 
therefore its internal energy in any given volume is a minimum; therefore the change 
produced in that energy by any small alteration of constraint, such as the one just 
described, is of the seoond order of small quantities. Hence the encroachment of the 
element <28 of the conductor diminishes the total energy W simply by the amount 
contained in the volume dS dn ; and therefore that encroachment is assisted somehow 
by a mechanical traction equal to the energy per unit volume of the dielectric at the 
plaoe, that is, of intensity KF*/8 tt. 


Electrodynamic effect of motion of a charged Body. 

59. When a charged body moves relatively to the surrounding aether, with a 
velocity small compared with the velocity of electric propagation, it practically 
carries its electric displacement-system (f, g, h) along with it in an equilibrium 
configuration. Thus the displacement at any point fixed in the aether will change, 
and we shall virtually have the field‘filled with electric currents which are completed 
in the lines of motion of the charged elements of the body, so long as that motion 
continues. On this view, Maxwell’s convection-current is not differentiated from 
conduction-current in any manner whatever, if we except the fact that viscous decay 
usually accompanies the latter. 

A metallically coated glass disc, rotating in its own plane without altering its 
position in space, would on this theory produce no convection-current at all; but if 
the coating of the disc hr divided into isolated parts by scratches, as in Rowland mid 
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Hotchinson’s experiments,* or even if there is a single line of division, eacftt portion 
will carry its field of electric displacement along with it, the field preserviug Hi 
statical configuration under all realizable speeds of rotation. If the scratches <fid hot 
run up to the centre of the disc, the field of displacement due to the central parts 
would be quiescent, and the displacement-currents would be altered in character.* 
The dielectric displacement in the experiments above-mentioned, with two parallel 
rotating gilt glass condenser-discs having radial scratches, is across the field from erne 
disc to the other, and is steady throughout the motion; so that the convection- 
currents are completely represented by the simple convection of the electric charges 
on the discs, and are not spread over the dielectric field. 

60. The motion of a dielectric body through a field of electric force ought also to 
carry its system of electric displacement along with it, It appears that Roktokk^ 
has detected an effect of convection-currents when a circular dielectric disc is spun 
between the two plates of a charged horizontal condenser. In this case, however, the 
displacement-system in the field maintains its configuration in space absolutely 
unchanged; and according to the present view no effect of the kind should exist 
unless it be really caused by convection of an actual charge on the rotating dielectric 
plate (unless we find in it a proof of the convection of actual paired ions, of which the 
material dielectric is constituted. See § 125.) 


On Vortex Atoms and their Magnetism. 

61. Suppose, in the condenser-system described above, that a current is started 
round the circuit by a change of capacity of one of the condensers, and that then the two 
condensers are instantaneously taken out and the wire made continuous ; the current, in 
the absence of resistance in the wire, will now be permanent. A permanent magnetic 
element will thus be represented by a circuital cavity or channel in the elastic aether, 
along the surface of which there is a distribution of vorticity ; it will in short be a 
vortex-ring with a vacuum (or else a portion of the fluid devoid of rotational elasticity) 
for its core. An arrangement like this must be supposed, in accordance with AjCPkRK’s 
theory,§ to be a part of the constitution of a molecule in iron and other magnetic 

* H. A. Rowland and C. T. Hutchinson, “ On the electro-magnetic effect of Conveotion-onrrente.” 

‘ Phil. Mag./ June, 1889, p. 445. 

t [The statement in the text is certainly true if we can regard the disc as a perfect conductor; on 
the other hand if it is an insulator, the charge will be carried along with it. It has been suggested 
that it is open to question whether the conductivity of a coating of gold-leaf is great enough to 
practically come under the first of these types. But if we are to adhere to the ordinary idea that the 
free oscillations of an electric charge on such a conductor are absolutely unresisted by any superficial 
viscosity, as they are certainly independent of ohmic resistance, we must, it would seem, regard a 
metallic disc as practically equivalent for the present purpose to a perfect conductor. This view would 
also suggest an explanation of the circumstance that some experimenters have not been able to Verify 
the existence of the Rowland effect.} 

t Rowland, he. dt., p. 446; ROntoxs, “ Wied. Ann.,” 85,1888. 

§ Maxwell, < Treatise,’ vol. 2, chap. 22, 
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metals. Am a fbadamental structure like the present can hardly be supposed to he 
broken up at the temperature at which iron becomes non-magnetic, to appear again on 
Weiring the temperature, we must postulate that a permanent electric current <ff this 
Hud is involved in the constitution of the atom ; that in iron the atoms group 
themselves into aggregates with their atomic currents directed in such a way as not 
absolutely to oppose each other’s action; while at the temperature of recalescenoe 
these groups are broken np and replaced % other atomic groups, for each of which 
the actions at a distance of the different atomic currents are mutually destructive. 
In a material devoid of striking magnetic properties, we may imagine the atoms as 
combined into molecules in this latter way. 

62. If we imagine a vortex-ring theory of atoms, in which the velocity of the 
primeval fluid represents magnetic force, and the atoms are ordinary eorelesa vortices, 
we shall have made a step towards a consistent representation of physical phenomena. 
In such a fluid the vortices will join themselves together into molecules and molecular 
groups; the vortices of each group will however tend to aggregate in the same way 
as elementary magnets, so that instead of neutralizing each other’s magnetic effects, 
they will reinforce one another; on this view substances ought to he about equally 
magnetic at all temperatures, instead of showing as iron does a sudden loss of the 
quality. We must therefore find some other bond for the atoms of a molecule, 
in addition to the hydrodynamic one and at least of the same order of magnitude. 
This is afforded by the attractions of the electric charges of the atoms, which are 
required by the theory of electrolysis. But even now about half of the molecules 
would be made up so that the atoms in them assist each other’s magnetic effects, 
unless we suppose each molecule to contain more than two atoms, arranged in some 
sort of symmetry. There is however no course open but to take all matter to 
he magnetic in the same way, the only difference being in some very special circum¬ 
stance in the aggregation of the molecules of iron compared with other molecules. 
The small magnetic moment of molecules of most substances may in fact be explained 
more fully on the same lines as their small electric moment (§ 64). The vortices will 
be quite permanent as regards both atomic charge and electric intensity, so that the 
explanation of diamagnetic polarity given by Weber, on the basis of currents induced 
in the atomic conducting circuits, cannot now Btand.* 

* [Ad4«d June 14.—-It has been suggested that the atomic electric charge might circulate round the 
ring under the influence of induction. It would appear however that such a circulation could have no 
physical meaning, for it would uot at all alter the configuration of strain in the surrounding medium, 
which is the really essential thing. 

It fo otherwise with the motion of translation of a small oharged body: the intrinsic twist of 
the surro un ding medium is carried on with it, and the effect of the movement is thus to impose 
su a dditional twist *» rotation round the line of motion (§ 59). Thus if we imagine an endless chain of 
tonti electrified particles, which circulate round and round, each particle of if will carry on 
toffoprideptly its state of strain and so be subject separately to faroivej and we shall have the 
dynamical p henomena illustrated by a current of purely oonvective character, involving no electric dis¬ 
placement in the dielectric, and no generator.] 




We have hitherto chosen to take the vortex-atom* with vacuous cores, 
currents musk be represented by the vortex sheets on their surfaces 
order to have an exact representation of theeircumstaaoea ©{-perfect 
we assigned a rotating fluid core, devoid of elasticity, ko the vortex-atom, notmany 
essential differences would be introduced, The circumstances of an or&nacyeleefcrie 
current flowing steadily round a channel which is not an ideal perfect conductor are 
somewhat more closely represented by supposing the channel to be the core of the 
ring, filled with fluid whose rotation is uniform across each section; this uniform dfe* 
tribution of the current aoross the channel is however primarily an effect of viscous 
retardation, due to the succession of discharges across intermolecular eether by which 
the propagation is effected. 


Electrostatic Induction between Aggregates of Vortex-atoms. 

63. When a piece of matter is electrified, say by means of a current conducted to 
it by a wire, what actually happens according to dynamical analysts on the basis of 
our energy-function, is that an elastic rotational displacement is set up in the aether 
surrounding it, the absolute rotation at each point- representing the electric displace¬ 
ment of Maxwell. If there is no viscosity, i.e. if the matter and the wire are 
supposed to be perfect conductors, this result is a logical consequence of the assumed 
constitution of the sethereal medium ; and of course the circumstances of thejjnal 
equilibrium condition are independent of any frictional resistance which may have 
opposed its development, so that the conclusion is quite general 

We may now construct a representation of the phenomena of electrostatic induc¬ 
tion. A charged body exists in the field, oausing a rotational strain in the eether all 
round it; consider the portion of the aether inside another surface, which we may 
suppose traced in the field, to lose its rotational elasticity as the result of instability 
due to the presence of moleoules of matter; the strain of the setber all round that 
surface must readjust itself to a new condition of equilibrium; the vortical lines of 
the strain will be altered so as to strike the new conductor at right angles,—and 
everything will go as in the electrostatic phenomenon. But there will be no aggre¬ 
gate electric charge on the new conductor; for the electric displacement {/, g, h) is a 
circuital vector, and therefore its flux into any surface drawn, wholly in the eether, 
to surround the new conductor, cannot alter its value from null which it was before. 
Now suppose a thin filament of eether, connecting the two conductors, to lose its 
rotational elasticity; the conditions of equilibrium will again be broken, and the 
effect throughout the medium of this sudden Iosb of elasticity will be the tame as if a 
wave of alternating vorticity were rolling along the surface of this filament fhwm the 
one conductor to the other, with an oscillation backwards and forwards along it which 
will persist unless it is damped by radiation or viscous action. Hie final result, after 
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» ft new state of equilibrium, with charges on both 
electrostatic circumstances. 

64. The phenomenon of specific inductive capacity has been explained or illustrated 
at different times by Faraday, Mosscmr, Lord Kelvin, and Maxwell, by the 
behaviour of a medium composed of small polar elements which partially orientate 
themselves under the action of the electric force; and these gwm-magnetic elements 
have been identified with the molecules, each composed of a positive and a negative 
inn. Another illustration* * * § which leads to the same mathematical consequences 
supposes the dielectric field to be filled with small conducting bodies, in each of which 
electric induction occurs, thus making it a polar element so long as it ia under the 
influence of the electric force. The qwm-magnetic theory is adopted by von 
Helmholtz in his generalization, on the notions of action at a distance, of Maxwell’s 
theory of electrodynamics ; and it is shown by him that such a hypothesis destroys 
the circuital character of the electric current, a conclusion which may also be arrived 
at by elementary reasoning. 1 ! The molecules must therefore on such a theory be 
arranged with their positive and negative elements in some form of symmetry so that 
they shall have no appreciable resultant electric moments 4 and the specific inductive 
capacity must be wholly due to diminution of the effective elasticity of the medium. 
The hexagonal structure imagined for quartz molecules by J. and P. Curie, and 
independently by Lord Kblvin,§ in order to explain piezo-electricity, or any other 
symmetrical grouping, exactly satisfies this condition ; the molecule in the state of 
equilibrium has no resultant electric moment; but under the influence of pressure or 
of change of temperature a deformation of the molecule occurs, which just introduces 
the observed piezo-electric or pyro-electric polarity. 

[(Added June 14.) On the present view however there is absolutely no room for 
von Helmholtz’s more general theory of non-circuitaJ currents. The displacement 
of an electric charge constitutes a rotation in the medium round the line of the 
displacement, but the electric field which causes the displacement is here also itself a 
rotation round an axis in the same direction; whereas in von Helmholtz’s theory 
the inducing electric force is not considered to have any intrinsic electric displacement 
of its own. When both parts are taken into account, the electric displacement becomes 
circuital throughout the field. There is thus nothing in the postulate of circuital 
currents that would require us to make the electric moment of a molecule indefinitely 
amftll ; bo that specific inductive capacity might still, if necessary, be explained or 
illustrated in the manner of Faraday and Mossotti,] 

* Employed by Maxwell, “ Dynamical Theory,” § II, * Phil. Trans.,' 1864. 

f “ On the theory of Electrodynamics,” 1 Roy. Socs. Proc.,’ 1890. 

X The term electric moment is employed, after Lord Kelvin, as the precise analogue of magnotio 
moment. 

§ Lord Kelvin, u On the pieio-electrio quality of Quarts,” * Phil, Mag.,’ Oct., 1893, Nov., 1893. 
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65. If we consider a system of these vortex atoms, each of them will be Bubjectte 
pulsations or vibrations, some comparatively slow, under the hydrodynamic influences 
of its neighbours in its own molecule j and each molecule will he subject to still slower 
vibrations under the influence of disturbances from the neighbouring molecules. In 
the former dess we may possibly see the type of ohenucal forces, while the latter will 
have to represent phenomena of material cohesion and plasticity. But in additkm to 
these purely hydrodynamical vibrations due to the inertia simply of the lather* there 
will be the types which will involve rotational distortion of the medium; that is, 
there will be the electrical vibrations of the atoms owing to the permanently strained 
state of the aether surrounding them which is the manifestation of their electric 
charges; the vibrations of this type will send out radiations through the aether and 
will represent the mechanism of light and other radiant energy. The excitation of 
these electric vibrations will naturally be very difficult; it will usually be the 
accompaniment of intense chemical action, involving the tearing asunder and re¬ 
arrangement of the atoms in the molecules. It is well-known that the vibrations of an 
electrostatic charge on a single rigid atom, if unsustained by some source of vibratory 
energy, would be radiated so rapidly as to be almost dead-beat, and so would be 
incompetent to produce the persistent and sharply-marked periods which are 
characteristic of the lines of the spectrum. But this objection may be to some extent 
obviated by considering that all the vibrational energy due to any very rapid type of 
molecular disturbance must finally be transformed into energy of electric strain and 
in this form radiated away.* 


Voltaic Phenomena. 


66. According to this theory a transfer of electricity can take place across a 
dielectric by rupture of the elastic structure of the medium, and only in that way ; 
and this is quite in keeping with ordinary notions. Further, an electrolyte is 
generally transparent to light, or if not, to some kind of non-luminous radiation, so 
that such a substance has the power of sustaining electric stress; it follows therefore 
that transfer of electricity across the electrolyte in a voltameter, between a plate and 
the polarized atoms in front of it, can only occur along lines of effective rupture 
(such as may be produced by convection of an ion) of its sethere&l elastic structure. 

When two solid dielectrics are in contact along a surface, the superficial molecular 
aggregates will be within range of each other’s influence, and will exert a stress 
which is transmitted by the medium between them. The transmission will be 
partly by an intrinsic hydrostatic pressure, as in Laplace’s theory of capillarity, 
and partly by tangential elastic tractions produced by rotation of the elements of 


* I understand that a suggestion of this nature has already been made by G. I*. Fffl Gbeau>. 
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$&# medium. Thtertrtiatioa is the representative of electric force, or rather its effect 
eleotnn d^lww arot, iii the' medium ; and, in so far as it is not along the interface, 
its line integral from one body to the other will account for a difference of electric 
potential between them. The electric force must be very intense, as in feet me all 
molecular forces, in order to give rise to a finite difference of potential in so short a 
tenge* l£ the bodies in contact are conductors, instead of dielectrics, similar con¬ 
siderations apply, but now the internal equilibrium of each conductor requires that 
the potential shall be uniform throughout it; therefore the surface stress must so 
adjust itself that the difference of potentials between the conductors is the same at 
each point of the interface. 

The contact phenomena between a solid and a liquid are different from those 
between two solids; for the mobility of the liquid allows, after a sufficient lapse of 
time, an adjustment of charged dissociated ions aloug its surface so as to ease off the 
internal stress ; and thus the boundary of the liquid becomes completely and somewhat 
permanently polarised. If vre consider for example blocks of two metals, copper 
and sine, separated by a layer of water, the electric stress in the interior of the 
water becomes null, and the difference of potential between the two metals is the 
difference of the potential-differences between them and water. That will not be 
the same as their difference of potential when in direct contact; but according to 
Lord Kelvin’s experiment it is sensibly the same as the difference between them and 
air,—owing in Maxwell’s opinion to similarity in the chemical actions of air and 
water. In this experiment the electric stress is not transmitted through either of the 
metals; its seat is the surrounding leather, and the function of the metals is so to 
direct it, owing to the absence of eethereal elasticity inside them, that the axis of 
the rotation of the aether shall be, at all points of their surfaces, along the normal. 

67. Let us imagine a Volta’s chain of different metals, forming a complete circuit, 
to be in electric equilibrium, as it must be, in the absence of chemical action and 
differences of temperature, by the principles of Thermodynamics. There is no electric 
stress transmitted through any metallic link of the chain; the stress is transmitted 
through the portion of the aether surrounding each metal, consisting in part of the 
interfocial layers separating it from the neighbouring metal, and in part of the 
atmosphere which surrounds its sides. In the equilibrium condition the potential 
in the aether all round the surface of the same metal is uniform ; and this uniformity 
applies to each link in the .chain. Therefore the sum of the very rapid changes of 
potential which occur in crossing the different interfaces, is, when taken all round 
the chain, strictly null: &pd we are thus led to Volta’s law of potential - differences 
for metallic conductors. Now suppose some cause disturbs this equilibrium, say the 
introduction of a layer of an electrolyte at an interface; this will introduce a store of 
chemical potential energy which can be used up electrically, and so equilibrium need 
no longer subsist at all. The uniformity of potential in the dielectric all round the 
sur&ce iff each motel will be disturbed, and a change of the electric displacement, 
HDCOCXCIV.—A. 5 F 
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i.4> of the absolute rotation in the setter, will be set in action in 
medium. If the metals are perfect conductors the effective flow of 
he confined to the surface, and will involve simply a vortex-sheet along the surface of 
each metal; hut if the conducting power is imperfect the disturbance will diffuse 
itself into the metals, and the final steady condition will he one in which it is 
uniformly distributed throughout them, forming an ordinary electric current obeying 
Ohm’s law. 

68. On the present theory, high specific inductive power in a substance is equi¬ 
valent to low electric elasticity of the aether ; it in fact stands to reason that an 
elastic medium whose continuity is broken by the inelastic and mobile portions which 
represent the cores of vortex-atoms may from this cause alone have its effective 
elasticity very considerably diminished. 

Moreover it has been ascertained that, in electrolytic liquids, the specific inductive 
capacity attains very great values; the aatber in these media interposes a pro¬ 
portionally small resistance to rotation, and the mobility or some other property of 
the vortex-molecules in it has brought it so much the nearer to instability; it is thus 
the easier to see why such media break down tinder comparatively slight electric 
stress. Such a medium also frees itself, as described below, from electric stress, 
without elastic rupture, in a time short compared with ordinary standards, but in 
most instances long compared with the periods of light-vibrations; while in metallic 
media the period of decay of stress is at least of the same order of smallness as the 
periods of light-waves. 

69. An atom, as above specified, would be mathematically a singular point inthe fluid 
medium of rotational elastic quality. Such a point may be a centre of fluid circula¬ 
tion, and may have elastic twist converging on it, but it cannot have any other special 
property besides these; in other words this conception of an atom is not an additional 
assumption, but is the unique conception that is necessarily involved in the hypothesis 
of a simple rotationally elastic aether. 

The attraction of a positively-charged atom for a negatively-charged one, according 
to the law of inverse squares, has already been elucidated. If the two atoms are 
moved towards each other so slowly that no kinetic energy of the medium is thereby 
generated, the potential energy of the rotational strain between them is diminished; 
and this diminution can be accounted for, in the absence of dissipation, only by 
mechanical work performed by the atoms or stored up in them in their approach. It 
has been observed by von Helmholtz that the phenomena of reversible polarization 
in voltameters involve no sensible consumption of energy, but that it is the actions 
which effect the transformation of the electrically charged ions into the electrically 
neutral molecules that demand the expenditure of motive power; and he draws the 
conclusion that energy of chemical decomposition is chiefly of electrical Origin. In 
the explanation here outlined, the chemical (hydrodynamic) forma between the 
component atoms of the molecule are required to be, in the equilibrium position, of 
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*S the electrical forces (dastie stress); but then they are 
action as their intensity depends on the inverse fourth 
power of the distance, so that the work done by them during the formation of the 
melemaie will probably be very small compared with the work done by the electric 
forces* 

{70. {Added June 14.) The charged atoms will tend to aggregate into molecules, 
and when this combination is thoroughly complete, the rotational strain of each 
xnoleoule will be self-contained, in the sense that the lines of twist prooeeding from 
one atom will end on some other atom of the same molecule. If this is not the case, 
the chemical combination will be incomplete, and there will still be unsatisfied bonds 
of electrical attraction between the different molecules. A molecule of the complete 
and stable type will thus be electrically neutral; and if any cause pulls it asunder 
into two ions, these ions will possess equal and opposite electric charges. 

In the theory as hitherto considered, electric discharge has been represented as 
produced by disruption of the elastic quality of aether along the path of the discharge; . 
and this is perhaps the most unnatural feature of the present scheme. If, however, 
we examine the point, it will be seen that the phenomena of electric flow need involve 
only convection of the atomic charges without any discharge across the aether, with 
the single exception of electrolysis. An attempt may be made (as in * Proceedings/ 
p. 454) to account for the uniformity of the atomic charges thus gained or lost, from 
the point of view of the establishment of a path of disruptive discharge from one 
atom to another. But it seems preferable to adopt a more fundamental view. 

The most remarkable fact about the distribution of matter throughout the universe 
is that, though it is aggregated in sensible amounts only in excessively widely 
separated spots, yet wherever it occurs, it is most probably always made up of the 
same limited number of elements. It would seem that we are almost driven to 
explain this by supposing the atoms of all the chemical elements to be built up of 
combinations of a single type of primordial atom, which itself may represent or be 
evolved from some homogeneous structural property of the aether.* It is, again, 
difficult to imagine how the chemical elements should be invariably connected, 
through all their combinations, with the same constant of gravitation, unless they 
have somehow a common underlying origin, and are not merely independent self- 
subsisting systems. We may assume that it is these ultimate atoms, or let us say 
monads, that form the simple singular points in the aether; and the chemical atoms 
will be points of higher singularity formed by combinations of them. These monads 
must be taken to be all quantitatively alike, except that some have positive and 
others negative electrifications, the one set being, in their dynamical features, simply 
perversions or optical images of the other set. On such a view, electric transfer 
from km, to ion would arise from interchange of monads by convection without any 
breaking down of the continuity of the aether. 

* Of. Thomas Graham's “ Chemical and Physical Researches,” Introduction, and p. 299. 
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Bat ft difficulty now presentsitself as to why the molecule say of 
acid is always H H-Cl —, and not sometimes H — Cl 4-* This difficulty would 
however seem to equally beset any dynamical theory whatever of chemioal ootBa> 
bination which makes the difference between a positive and a negative atomic ohange 
representable wholly by a difference of algebraic sign.] 

The Connexion between JEtker and Moving Matt&v. 

+. ’ 1 , , , 

71. A mode of representation of the kind developed in this paper must be expected 
to be in accord with what is known on the subject of the connexion between aether 
and matter, both from the phenomena of the astronomical aberration of light, and 
from recent experimental researches* on the motion of the sether relative to the 
Earth, and relative to transparent moving bodies. 

Let us consider a wave of light propagated through the free aether with its own 
specific velocity, and let it be simultaneously carried onward by a motion in bulk of 
the aether which is its seat. That motion will produce two effects on a wave; the 
component along the wave-normal of the velocity of the aether will be added on to 
the specific velocity of the wavs ; while the wave-front will be turned round owing 
to the rotational motion of the medium. The second of these effects will result in 
the ray being turned out of its natural path; in order that the motion of the 
medium may not affect the natural path of the ray, it must therefore be of 
irrotational character. This will be the case as regards all motions of the free ®ther 
so long as we consider it to be hydrodynamically a frictionless fluid; and the 
phenomenon of astronomical aberration is, after Sir George Stokes, explained, 
so far as it may depend on motion of the external aether. 

72. The motion of the Earth through space may however be imagined as the 
transference of a vortex-aggregate through the quiescent aether surrounding it and 
permeating it; the velocity of translation of the aether will then be null, and 
consequently in the comparatively free aether of the atmosphere the velocity of the 
light will be unaffected, to the first order of approximation. But what should 
happen in transparent material media it is apparently not easy to infer. On the 
present view of Optics, the density of the aether is constant throughout space, the 
mere presence of mobile electrified vortices iu it not affecting the density though the 
effective elasticity is thereby altered. The nature of the farther slight alteration 
of this elasticity produced by a motion of the matter as a whole, there appears to be 
no easy means of directly determining [see § 124] ; but the experiments may be 
taken as verifying Fresnel’s hypothesis that its effect is to add on to the velocity 
of propagation of the light the fraction 1 — /*“ a of the velocity of the matter through 
which it is moving, where p represents the index of refraction. 

* A. A. Michilson and E. W. Moslbt, ‘American Jottrnal of Science,’ 1881 and 1886, also ‘Phil. 
Mag.,’ Dee., 1867j O. J. Lcdcr, ‘phi!. Tran*..’ A, 18&8, 
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for the change of the velocity of propagation in a moving 
was specially constructed so as to insure that the laws of reflexion 
and refraction of the rays shall be the same as if the media were at rest, a circum¬ 
stance which must be intimately connected with the dynamical reason for its validity. 
The laws of reflexion and refraction of rays can be deduced from the theory of 
exchanges of radiation, on the single hypothesis that a condition of equilibrium of 
exchanges is possible in an enclosure containing transparent non-radiating bodies. 
One interpretation of Fresnel’s principle is therefore that the exchange of radiation 
between the walls of an enclosure containing transparent bodies is not affected by any 
motion imparted to these bodies, a conclusion which may be connected with the law 
of entropy. 

78. On the present theory, magnetic force or rather magnetic induction consists in 
a permeation or flow of the primordial medium through the voHex-eggregate which 
constitutes the matter; apparently it has not been tried (see however § 81) whether 
light-waves are carried on by this motion of the medium and their effective velocity 
is thereby altered, as we would be led to expect. It has been shown, however, by 
Wilberforce+ that the velocity of light is not sensibly altered by motion along a 
field of electric displacement, so far negativing any theory that would connect electric 
displacement with considerable bodily velocity of the aether; and it has also been 
verified, by Lord Rayleigh, that the transfer of an electric current across an electro¬ 
lyte does not affect the velocity of light in it. 

As motion of the aether represents magnetic force, the fact that the magnetic 
permeability is almost the same in all sensibly non-magnetic bodies as in a vacuum 
must be taken to indicate that the aether flows with practically its full velocity in all 
such media, so that there is very little obstruction interposed by the matter; it 
follows that, in the motion of a body through the aether, the outside aether remains 
at rest instead of flowing round its sides. The aether we thus assume to be at rest 
in any region, except it be a field of magnetic force, even though masses are moving 
through the region; so that the coefficient of Fresnel, which is null for free aether 
and very small for but slightly ponderable media, would represent simply a change of 
velocity due to slight unilateral change of effective elasticity somehow produced by 
the motion through the quiesoent medium of the vortices constituting the matter. 

74 . The notion of illustrating magnetic induction by the permeation of a fluid 
through a porous medium containing obstacles to its motion has been shown by Lord 
Kelvin! to lead to a complete formal representation of the facts of diamagnetism; 

• A, Fresnel, tetter to Aiuao, Annates de Chimie,’ ix., 1818. 

f L. R. Wilbkbforcs, ’Trans. Cambridge Phil. Soo.,’ vol. 14,1887, p. 170. 

j Lord Kelvin (Sir W. Thomson), “ Hydrokinetic Analogy for the magnetic influence of an ideal 
extreme diamagnetio," ‘Proc. R.S. Edin.,’ 1870, ‘Papers on Electrostatics and Magnetism,’ pp. 572-88: 
“ General hydrokinetic analogy for Indneed Magnetism," ‘ Papers on Electrostatics and Magnetism,’ 
1872, pp. 584-412. 
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substitute for Wunfi theory, if we are unable to retain it. [See §114.] 

75. The motion of a material body through the aether must, in any ease; either 
carry the aether with it, or else set up a backward drift of the aether through its 
substance, so that the vortex cores (which might be vacuous and therefore merely 
forms of motion) would be carried on, while the body of the aether remained at rest. 
On the first view', the motion of the body must produce a field of, irrotational flow in 
the surrounding aether, in other words a magnetic field. Whether this would be 
powerful enough to be directly detected depends on the order of magnitude of the 
(ethereal velocities which represent ordinary magnetic forces, and thus ultimately on 
the value of the density of the aethereal medium. -But if the density were small, the 
square of the velocity would be large in proportion, and the iafiuenee of magnetisation 
on the velocity of light should be the greater ; so that on this account also the first of 
the above views must, on the present theory, be rejected. We should however expect 
an actual magnetic field like the Earth’s to affect very slightly both the velocity of 
propagation and the law of reflexion. 

76. The second view is, as we have stated, the one formulated by Fresnel, and it 
would be strongly confirmed if the velocity of light-waves were quite unaffected by 
passing near a moving body, so shaped that it would on the other hypothesis cause a 
current in the perfectly fluid aether; but it is sometimes held (see however § 80) to be 
against the evidence of the null result of Michelson’s experiments on the effect of 
the Earth’s motion on the velocity of transmission of light through air. 

There is also the fact noticed by Lorentz that an irrotational disturbance of the 
surrounding aether, caused by the motion of an impermeable body through it, would 
necessarily involve slip along the surface, which could not exist in our fluid medium ; 
this would at first sight compel us to recognize that the surrounding aether, instead of 
flowing round a moving body, must be taken to flow through it, or rather into it, at 
any rate to such an extent as will be necessary in order to make the remaining motion 
outside it irrotational, without discontinuity at the surface. 

It has been shown however by W. M. Hicks that a solitary hollow vortex in an 
ordinary liquid carries along with it a disc-shaped mass of fluid and not a ring-shaped 
mass, unless its section is very minute; thus it is possible that the vortex-aggregate 
constituting a moving solid may completely shed off the surrounding fluid without 
allowing any permeation through its substance, and without any such discontinuity at 
the surface as would be produced by the motion of an ordinary solid through liquid. 
How far the electric charges on the vortex atoms, or their combination into molecules, 
would negative such a hypothesis seems a difficult inquiry. But however that may 
be, a consensus of various grounds seems to require the sether to be stationary on the 
present theory. Thus if the motion of solids moved the surrounding sether, two 
moving solids would act on each other with a hydrodynamic forcive, which would be 
of large amount if we are compelled to assume a considerable density for the sether. 
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Jiga^r «i<& & view would disturb the explanation, as above, of the fact that the 
fbrchte on a charged conductor in an electric field is a surface-traction equal at each 
P°i Q t of the surface to the energy in the medium per unit volume. There is in any 
cane nothing contradictory in the hypothesis of a stationary aether; if the fluid is not 
aflowed to stream through the circuits of the atoms, we have only to make the 
ordinary supposition that the molecules are at distances from each other considerable 


compared with tbeir linear dimensions, and it can stream past between them. 

77. Let us test a simple case of motion of a body through the aether, with respect 
to the theory of radiation. Consider a horizontal slab of transparent non-radiating 
material, down through which light passes in a vertical direction ; the equilibrium of 
exchanges of radiation would be vitiated if the amount of light transmitted by the 
slab when in motion downwards with velocity v were different from the amount 
transmitted when it is at rest. Let V be the velocity of the light outside the slab, 
and Y/fi -f v — v' the velocity in the moving slab. For an incident beam, of ampli¬ 
tude of vibration which we may take as unity, let r be the amplitude of the reflected 
beam, and R of the transmitted beam. The conditions governing the reflexion are 
continuity of displacement at the surface, and continuity of energy, estimated in 
MacCullaoh’s manner as proportional to the square of the amplitude ; thus the con¬ 
ditions at the first incidence are 


1 -f r =: R 


Y - v — (V + v) r* = (Y/fi - v') R 3 . 


On neglecting squares of v/Y and v/Y, these equations lead to 
t> __ 2/* f, l[_JL i ft ~ A I ft \ 

/*-«-1 L vV + l + 2 / */ + v / * + ij 


The ratio R', in which the amplitude is changed by transmission at the lower 
surface of the slab, is derived from the above by replacing V by Yfoj., and fi by 1 //*, 
and interchanging v and v ; thus 


Hence 



That the amount of the light transmitted should not be altered by the motion of 
the slab requires that v — vjft?, which is Fresnel’s law; it has been assumed in the 
analysis that the light is propagated down to the slab as if the aether were at rest, 
in accordance with Fresnel’s hypothesis, It will be observed that the amplitudes of 
the refracted and reflected light, at either surface separately, are disturbed by the 
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movement of tbe slab, though there hi no loss of energy ; thus, on direct refraction 
into a Blab moving away from the light with velocity v, 


R = 


V 

/A "}* 1 


{' 




/* + 1 



If therefore Fresnel's law is not fulfilled, it would apparently be possible to con¬ 
centrate the radiation from the walls of an enclosure of uniform temperature by a self¬ 
acting arrangement of moving screens and transparent bodies inside the enclosure; 
and this would be in contradiction to the Second Law of Thermodyamics. * 

78. The whole theory of rays is derived from the existence of the Hamiltonian 
characteristic function U, the path of a ray from one point to another in an isotropic 
medium being the course which makes 8U or Sjfid s null, where p is a function of 
position which is equal to tbe reciprocal of the effective velocity of the light. The 
general law of illumination may be shown to follow from this, that if two elements of 
surface A and B are radiating to each other across any transparent media, the amount 
of the radiation from A that is received by B is equal to the amount of radiation from 
B that is received by A; with the proviso, when different media are just in front of 
A and B, that the radiation of a body is cceteris paribus to be taken as proportional 
to the square of the refractive index of the medium into which it radiates. Now if 
that part v of the velocity of the light, which is produced by motion through the 
medium of the bodies contained in it, make an angle 6 with the element of path ds, 
this equation will assume, after H. A. Lorkntz and O. J. Lodge, t the form 


8 J (V -f u cos d)~ l ds =b 0, 
which is to a first approximation 

81V” 1 ds -f- 8 J V“* (u dx -f vdy + w dz) s= 0, 

where V is the ordinary velocity of the light, and (u, v, iv) are the components of v. 
In order that the paths of the rays in a homogeneous isotropic moving medium may 
remain the same as when the medium is at rest, the additional terms in the charac¬ 
teristic function must depend only on the limits of the integral, and therefore 
udx + vdy -f wdz must be an exact differential; that is, the part thus added to 
the velocity of the light must be of irrotational character. If this part of tbe velocity 
were rotational, the law of illumination would not hold, as the type of the charac¬ 
teristic equation of tbe rays would thereby be changed. Thus the equilibrium of 
exchanges of radiation which would subsist in an enclosure with the free aether in it 

* Of. Clausius, “ On the Concentration of Bays of Light and Heat, and on the Limits of its Aition,” 

* P*p«w the Mechanical Theory of Heat,’ translated by W. B. Browkb, pp. 29&-381. 
t O. J. Loook, “ Aberration Problems," * Pbil. Trans.,’ A, 1893, pp. 748-783. , 
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any aodificstioa of the laws of emission and absorption would be conditioned only by 
the motion Of the aether close to the radiating surface; and the motion at the surface 
,bf no means determines the motion throughout the enclosure, unless it is confined to 
be irrbtational. Hence the theory of exchanges seems to require that any bodily 
motion that can be set up in the free rether must be of the irrotational kind. 

79. This modified characteristic equation of the rays also shows that in a 
heterogeneous isotropic medium containing moving bodies, the paths of the rays will 
be unaltered to a first approximation provided /a 2 (u dx -j- v dy -j- w dz ) is everywhere 
continuous and an exaot differential; and this condition virtually implies (Lodge, loc. 
tit.) Fresnel’s hypothesis. The interchange of radiation now depends partly on the 
reflexion and refraction at the different interfaces in the medium, as in the simple 
case calculated above; but we may take advantage of a device which has been 
employed in other connexions by Lord Rayleigh, and suppose the transitions to’ be 
gradual, that is to he each spread over a few wave-lengths; the reflexions will then 
be insensible, and the rays will thus be propagated with undiminished energy. We 
thus attain a general demonstration that the theory of exchanges of radiation demands 
Fresnel’s law of connexion between the velocity of the matter through the field of 
stationary aether and the alteration in the velocity of the light that is produced by it; 
while it also requires that any motion of the aether itself, such as occurs in a field of 
magnetic force, must be of irrotational type. 

80. This theory has been developed up to and including the first order of small 
quantities; it seems plain therefore that the experiments of Michelson on the effect 
produced by the motion of the earth on transmission through air are not in 
contradiction with it, for these experiments relate to terms of the second order of small 
quantities. To explain the remarkable, because precisely negative, result arrived at 
by Michelson would require the elaboration of a theory including the second order 
of small quantities. For example, when light is reflected, as in those experiments, at 
the surface of a body which is moving towards it through the stationary aether, the 
wave-length of the reflected light is diminished so as just to make up, to the first order 
of approximation, for the acceleration of phase caused by the reflector moving up to 
meet it. The mechanism involved in this alteration of wave-length is not known, nor 
what is going on at the surface of the advancing reflector; and it seems to be a very 
uncertain step to assume that when terms of the second order are included, this effect 
on the wave-length is not subject to correction. As the circumstances of the reflexion 
are thus not known with sufficient exactness, it is necessary to fall hack on general 
principles. Now Professor Lodge has emphasized the fact that, when a beam of light 
traverses a complete circuit in a medium containing moving bodies but devoid of 
magnetic intensity, the change of phase produced by their motion is null to the first 
order of small quantities. If it were exactly null, or null to the second order, the 
result of Michelson would follow; and it would seem also that Michelson ’s result 
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favours somewhat the exact validity of this principle. The exactness of this circuital 
principle seems to be required also by the argument (§ 79) from the equilibrium of 
exchange in an enclosure. For if when a system of rays pass from a point to its image- 
point their relative differences of phases were not the; same to a small fraction of a 
wave-length whether the bodies are at rest or in motion, it would follow that the 
distribution of the energy in the diffraction pattern which forms the physical image 
would depend on the movement of the bodies. Thus concentration of the radiation 
might be produced by movements of the transparent bodies, which are subject to 

control. , 

The present discussion supposes the motion of the transparent bodies to be practically 
uniform; the condition ^{udx + vdy+w dz) an exact differential would be violated 
inside a transparent body in rapid rotation, but then (§ 98) the formula of Fresnel 
would require correction owing to the space-rate of variation of the velocity of the 
material medium. 

Experiments by Professor Oliver Lodge. 

81 . Since this account of the theory was written, Professor Lodge has kindly 
made some experiments on the effect produced by a magnetic field on the velocity 
of light, which considerably affect its aspect. By surrounding the path of the beam 
of light in his interference apparatus* by coils carrying currents, he realized what 
was equivalent to a circuit of 50 feet of air magnetized to ± 1400 c.g.s.; «ftd he 
would have been able to detect a shift in the fringes, between beams of light 
traversing t his circuit in opposite directions, of •g’ft of a band, or say with absolute 
certainty of a band, either way. Four coils were employed, each 18 inches long 
and with 7000 turns of wire; and they were excited by a current of 28 amperes at 
280 volts, involving nearly 9 horse-power. The result was wholly negative; and in 
consequence the velocity of light cannot be altered by as much as 2 millimetres per 
second for each c.g.s. unit of magnetic intensity. The cyclic sethereal flow in a 
magnetic field must therefore be very slow; but the radiation traversing it is of 
course very fast. 

To bring this result into line with the present theory we are compelled to assume 
that the density of the sether is at least of the same order of magnitude as the 
densities of solid and liquid matter, at any rate if we must adhere to the view that 
the motion of the sether carries the light with it. This hypothesis is of a somewhat 
startling character; the density under consideration belongs however to an intangible 
medium and is not apparently amenable in any way to direct perception; it is on a 
different plane altogether from the density of ordinary matter, and is in fact most 
properly considered simply as a coefficient of inertia in the analytical expression for 
the energy. 

* O. J. Lodge, “ Aberration Problems,” ‘ Phil. Trans.,’ A, 1893. [There are also some earlier experi¬ 
ments by Count.J 



82. The marituum ebote force which air can sustain at ordinary temperatures 
atwl pressuresis about ISO c.g.s.; and on Pouillet’s data the maximum electric 
involved in the solar radiation, near the Sun's surface, is about 30 e.g.s., a value 
wbid} would be much increased on more recent estimates. One result of taking a 
high value for the Dethere&l density would be that in the most intense existing field 
of radiation we are certain of being still far from the limits of perfect elasticity of 
the comparatively free aether. 

The kinetic energy in the free aether is the square of the magnetic intensity 
divided by Sir; and this must be ^pv i , where p is its density and v its velocity. 
NoW from Professor Lodge’s result the velocity corresponding to the c.g.s. unit of 
magnetic force is less than 2 centimetre per second; hence the inertia of the aether 
must exceed twice that of water. The elasticity must of course he taken large in 
proportion to the density, in order to preserve the proper velocity of radiation. In 
view of the very great intensity of the chemical and electrical forces acting between 
the atoms in the molecule, values even much greater than these would not appear 
excessive. But on the other hand such a value of the density requires us to make 
the aether absolutely stationary exoept in a magnetic field, in order to avoid 
hydrodynamical forcives between moving bodies. The residual forcive between 
bodies at rest in a field of eethereal motion, due to very slight defect of permeability, 
has already been shown, after Lord Kelvin’s illustration, to simulate diamagnetism; 
and the fact that there exist no powerfully diamagnetic substances is so far a 
confirmation of the present hypothesis. The view that the magnetic field of a 
current involves only slight circulation of the fluid aether is also in keeping with the 
account which has been given (§ 46) of the genesis of such a field. 

On Magneto-Optic Rotation. 

88. The rotation of the plane of polarization of light in a uniform magnetic field 
depends on the interaction of the uniform velocity of the aether, which constitutes 
that field, with the vibrational velocity which belongs to the light-disturbance. The 
uniform flow in the medium we may consider to be connected with a partial orien¬ 
tation of the vortex-molecules; the chemical or hydrodynamio vibrations, in other 
words vibrations of the magnetism, can now be propagated in waves, and it is natural 
to expect that the propagation of the light will be somewhat afl’ected by this regu¬ 
larity. Now for the light-waves the motion that is elastically effective is the rotation 
djdt (f g t A); and the varying part of the velocity of an element of volume containing 
the rotational motion of the magnetic vortices which is to some extent interlinked 
With the motion of the light-waves, is proportional to 

5 o 2 
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far A> To) being the imposed magnetic field. Thkvarktioa is 
of the vibrational velocity of a particle owing to its change of position as it k earned 
along in the magnetic field, analogously to the origin of the corresponding term in 
the acceleration of an element of the medium, in the equations of hydrod ynamics. 
There may exist a term in the energy, resulting from this interaction, of the form 


<y/«fJT . ft* , g*\ k 

\d0 di ^ dd dt ^00 to}' 


and I have elsewhere* tried to show that, on a consensus of various reasons, this 
term, originally given by Maxwell, must be taken as the correct representation of 
the actual magneto-optic effect. The term is extremely small, and is distinct from 
the direct effect of the motion of the aether (§ 79), which is irrotational; it leads to 
an acceleration of one kind of circularly polarized light, and a retardation of the other 
kind, which are of equal amounts. 

It was this phenomenon of magneto-optic rotation that gave the clue to Maxwell’s 
theory of the electric field. As has recently been remarked by various authors,t the 
deduction from it, that magnetic force must be a rotation of the luminiferous medium, 
is too narrow an interpretation of the facts; the identification of magnetic force with 
rotation has however hitherto been retained as an essential part of most theories of 
the sether. 

84. It is to be observed that the magneto-optic terms in the energy of the medium 
do not depend essentially on any averaging of the effect of molecular discreteness, in 
the same way as dispersive terms or structural rotatory terms. The problem of 
reflexion is, in the magnetic field, perfectly definite; and the boundary conditions 
at the interface can all be satisfied, provided we recognize a play of electromotive 
pressure at the interface, which assists in making the stress continuous,! and which 


* “On Theories of Magnetic Action on Light . . . .” ‘Report of the British Association,’ 1898. 
Any other energy-term containing the same differential operators would however equally satisfy 
these conditions; for example d£jd0 dfjdt might be replaced by d$/dt dfjdO or even by fcPgldBdt, so far as 
the equations of bodily propagations are concerned. Such forms would be discriminated by the theory 
of reflexion. As the term in the energy is related to the motion of the medium, in must involve dfd&; 
and this circumstance, combined either with the character of the optical rotation produced, or with the 
present hypothesis which requires that the term involves (/, g, h), suffices to limit it to one of these 
types j cf. loe. cit., § 8. 

f E.g., H. Lamb, “ On Reciprocal Theorems in Dynamics,” ‘ Proc. Lend. Math. Soc.,’ vol 19,1888, 
where the remark is actually made that a distribution of vortices with their axes along the direction of 
the field might acoount for the magnetic rotation of the light. 

J J. Labmor, ‘Beport of the British Association,’ 1898; G. F. FitzGerald, ‘Phil. Trans.,* 1886. 
Professor FitzGerald informs me that he has for some time doubted the view that the mxgpa&& 
force can be solely a rotation in the medium, on the ground that the magnetic tabes of a current-system 
are circuital and have no open ends, making it difficult to imagine how alteration Of the rotation inside 
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® tfais interaction of the linear motion of the tnodium with 

tfce rotational motion of the waves. The chief obstacle in. the way of a complete 
account ofthe magnetic phenomena of reflexion appears to he the uncertainty with 
Br mathematical representation of ordinary metallic reflexion. 


On Radiation. 

85. In accordance with this theory, radiation would consist of rotational waves 
sent out into the aether from the vibrations somehow set up in the at omic char ges. 
It has been observed (§ 65) that the characters and periods of these electric 
vibrations, and of the radiations they emit, depend only on the relative positions and 
motions of the vortex-atoms in the molecule, and are quite unaffected, except 
indirectly, by irrotational motion (magnetic ^intensity) in the sether which they 
traverse. The mode of propagation of electric vibrations in free nether cannot he 
interfered with by the bodily motion of the medium, however intense, except in so 
far as the motion of the medium carries the electrical waves along with it; a result 
justifying the Doppler principle which is applied to the spectroscopic determination 
of stellar motions. It also follows that radiation will not be set up by motions of 
the surrounding free nether, except in so far as the molecules are dissociated or their 
component atoms violently displaced with respect to each other. To allow the 
radiation to go on, such displacement must result on the whole in the performance of 
work against electric attractions, at the expense of the heat energy and chemical 
energy of the system, which must thus be transformed into electrical energy before it 
is radiated away. The radiation of an incandescent solid or liquid body is maintained 
by the transfer of its motion of agitation into electrical energy in the molecules, and 
thence into radiation. This action goes on until a balance is attained, so that as 
much incident radiation is absorbed by an element of volume as it gives out in turn; 
when this state is established throughout the field of radiation the bodies must be at 
the same temperature. 

Conversely, the absorption of incident radiation by a body results finally in a 
diffusion of its energy into irregular material motions or heat, directed motion always 
implying magnetic force. 

86. There appear to be experimental grounds for the view that a gas cannot be 
made to radiate fat any rate with the definite periods peculiar to it] by merely 
heating it to a high temperature, so that radiation in a gas must involve chemical action 
or, what is the same thing, electric discharge. This would be in agreement with the 
conclusion that motion of a molecule through the eether, however the latter is 
disturbed, will not appreciably set up electric vibrations, unless it comes well within 

them could be produced; also that & flow along these tabes need not produce any disturbance in the 
other properties of the electric field [; also that the magnetic rotation being a purely material pheno¬ 
menon, whose direction is not subject to any definite law, it must be of a secondary character]. 
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range of the chemical forces of another molecule; and it impliesthat the encounters 
of the molecules that are contemplated in the kinetic theory of gases '$4a> 

intimate acharacter* as the encounters in a solid or liquid mass; in the latter ©aw 
there is perhaps not sufficient space for free repulsion, and the molecules become so to 
speak jammed together. In the theory of exchanges of radiation, a gas would thus 
act simply as a medium for the transfer of radiations from one sur&ce to another 
without itself adding to or subtracting from them. 

It follows from the second law of Thermodynamics that the heat-equivalent of the 
radiation of a given substance rises with the temperature, and this may be extended 
to each separate period in the radiation ; this is however a theorem of averages not 
directly applicable to single molecules. 

It seems a noteworthy consequence of the foregoing that the kinetic theory of 
gases is valid without taking any account of radiation. Without some tangible mode 
of presentation such as the mechanism of radiation here put forward, there would be 
a strong temptation to assume that the interchange of energy in that theory must 
take place not only between the different free types of vibration of the molecule 
(ie. hydrodynamical vibrations of the vortioes), but that also there is even in the 
steady state continual interchange with the aether. According to the present views 
such interchange would involve dissociation in the molecules; and there exist in fact 
observations relative to the action of ultra-violet radiations in producing discharge 
of electricity across a gas and consequent luminosity in it, a phenomenon which very 
probably depends on dissociation. Whether the ideas here indicated turn out to be 
tenable or not, they at all events may serve to somewhat widen our range of 
conceptions. 

87. The result that the electric vibrations of a molecule depend on its configuration 
and the relative motion of its parts, not directly on its motion of translation through 
the aether, seems also to be of importance in connexion with the fundamental fact 
that the periods of the radiations corresponding to the spectral lines of any substance 
are precisely the same whatever be its temperature. The lines may broaden out 
owing to frequency of collisions due to increase of density or rise of temperature of 
the substance, but their mean period does not change. If we consider a system of 
ordinary hydrodynamical isolated vortex-atoms, a rise of temperature is represented 
by increase of the energy, and that involves an expansion of each ring and a 
diminution of its velocity of translation; such an expansion of the ring would in 
turn alter the periods of its electric vibrations. The question arises, how far the 
action of the atomic charge will modify or get rid of these two fundamental 
objections to a vortex-atom theory of gases. Independently of this, it seems quite 
reasonable to hold that in the case of atoms paired together into molecules by their 
electrical and chemical forces, the size and configuration of the rings, will be 


* [The difficulty of chemical combination of dry gases confirms this conclusion j as also for example 
tbe fact that molecular impacts do not explode a mixture like hydrogen and chlorine.] 
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by these forces, whbhare far more intense than any forces due 
$© ffl®re translation through the mediumj and then, ■when radiation occurs as,the 
result of some violent disturbance, or of dissociation of the molecule, it will have 
subsided before any sensible change of size due to slowly-acting hydrodynamical 
oausee could have occurred. As was pointed out by Maxwell, the definiteness of 
the speotrol lines requires that at least some hundreds of vibrations of a molecule 
must be thrown off before they are sensibly damped; and on this view there is ample 
margin for such a number. 


On these ideas the velocity of translation of a molecule in a gas would not be 
connected with the natural hydrodynamical velocity of a simple vortex-atom, but 
would rather be determined by the circumstances of collisions, as in the ordinary 
kinetic theory of gases. The configuration of a molecule, which determines its electric 
periods, would also be independent of the movements of translation and rotation, 
which constitute heat and are the concern of the kinetic theory of gases. 



Introduction of the Dissipation Function. 

88. The original structure of Analytical Dynamics, as completed by the work of 
Lagrange, Poisson, Hamilton, and Jacobi, was unable to take a general view of 
frictional forces; one of the most important extensions which it has since received, 
from a general physical standpoint, has been the introduction of the Dissipation 
Function by Lord Rayleigh. He has shown* that in all cases in which the frictional 
stress between any two particles of the medium is proportional to their relative 
velocity, when the motion is restricted to be such as maintains geometrical similarity 
in the system— i.e. in all cases in which, {x x y x z x ) and (xg/fa) being the two particles, 
the components of the frictional stress between them are 


fa ( x i x q)> fa (?/i “ Vz )> fa ( 2 i z z)> 

where p y , fi„ are any functions of the co-ordinates—the virtual work of the frictional 
forces in any geometrically possible displacement may be derived from the variation 
of a single function J?. The virtual work for the two particles just specified is in 
fact 

fa (*i ~ k) 8 («! - ^) + faiPi- k) 8 (Vi ~ y») + fa (h - h) 8 (*i - **); 

and for the whole system it will be found by addition of such expressions as this. 
Now if we form the variation, with respect to the velocities alone, of the expression 

£ = £ Mfa (k - ky+fa (vi - ky+fa (k - *«)•}. 

* ‘Proo, Lond. Math. Soo.,’ 1873; ‘Theory of Sound,’ 1., 1877, § 81. [An analytical function of 
this kind ooonrs however incidentally in the ‘ Mfioanique Analytique,’ Section Viii., § 2.] 
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work. This function 0 may 
now be expressed in terms of any generalized co-ordinates that way be most con¬ 
venient to represent the configuration of the system for the purpose in band, and this 
virtual work of the viscous forces for any virtual displacement specified by variations 
of these co-ordinates will still be derived by this rule, “But although in an important 
o.la^ag of cases the effects of viscosity are represented by the function the question 
re main s open whether such a method of representation is applicable Ur all raises, I 
think it probable that it is so; bnt it is evident that we cannot expect to prove any 
general property of viscous forces in the absence of a strict definition which will 
arshin us to determine with certainty what forces are viscous and what are not.”* 

89. The general variational equation of motion of the viscous system will in feet be 

| (ST — 8 W — S'dF) dt =3 0 , 

wherein 8 represents variation with respect to the co-ordinates and velocities of the 
system, while S' represents variations with respect to the velocities only, the diffe¬ 
rentials of the velocities being in the result of the latter variation replaced by diffe¬ 
rentials of the corresponding co-ordinates, t 

90. The importance of this analysis in respect to problems in the theory of radiation 
is fundamental. If a radiation maintains its period of vibration unaltered in passing 
through a viscous medium, it follows necessarily that the viscous forces of the medium 
are of the type above specified. If the elastic forces were not linear functions of the 
displacements and the viscous forces linear functions of the velocities, the period of a 
vibration would be a function of its amplitude; and thus a strong beam of homogeneous 
light, after passing thi-ough a film of metal or other absorbing medium, would come 
out as a mixture of lights of different colours. So long as we leave on one side the 
phenomena of fluorescence, we can therefore assert that the laws of absorption must 
be such as are derivable from a single dissipation function, of the second degree in the 
velocities, which is appropriate to the medium. 


and in it replace the variations of the 
Co-ordinates, we shall have just obtained this virtual 


* Lord Rayleigh, * Theory of Sound,* § 81. [An extension of the range of the function is easy after 
the method of Lagrange, he . cit. It is worthy of notice that we can also formulate a function of mutual 
dissipation between two interacting media.] 

t It may be observed that the use of this variational equation would form the most elegant method of 
deriving the ordinary equations of motion of material dissipative systems in which the value of jp is 
known. For example the equations of motion of a viscous fluid in cylindrical, polar, or any other type 
of general co-ordinates, may be derived at once from the expressions for the fundamental functions in 
these co-ordinates, without the necessity of recourse to the complicated transformations sometimes 
employed. 0/. “ Applications of Generalized Space Co-ordinates to Potentials and Isotropic Elasticity,** 
‘ Trans. Carnb. Phil. Soc.,’ XIV., 1885. 
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Recapitulation of the Vibrational Qualities of the Mther. 

91. On the present extension of MacCullagh’s scheme, the properties of the 
fether in a ponderable medium, as regards those averaged undulations which constitute 
radiation, are to be derived from the following functions; 
its kinetic energy 


t =H: 


dp ~ dp T dp / ' 


its potential energy 

W - i f (<* 2 / 2 + by + cW) dr, where (/, g, h) = curl (£ v , £), 
its dissipation function, representing decay of the regularity of the motion, 

We may add as subsidiary terms the magneto-optic energy 


T' — [(„% d % Him <lr > lh J . (ih \ ,7 

T "K« Mdt + Pded, + rdedi) dT - 


where 


d _ d , ,3 d 

- a °Ix + ^djj + KJz' 




(«o. A)> To) being the intensity of the imposed magnetic field ; 
and the optical rotational energy 


W = + P*gV 2 v + y'WQ dr. 

And there are also to be included the terms in W of higher orders, that produce 
regular ( i.e. sensibly non-selective) dispersion of various kinds, of which the chief is 

w, = I® {(/, g, h), V‘(f, g, h )J dr, 

where the symbol in the integral denotes a lineo-linear function. 

Throughout these equations, the elastic properties of the aether retain their purely 
rotational character; its internal elastic energy, its dissipation, and its connexions 
with other interlinked motions, depend on the rotation of its elements and not on their 
distortion or compression. A partial exception occurs in the magneto-optic terms, 
HDCOCX&V.—A. 5 H 
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which represent interaction with a motion of partly irrotational character ; and this 
exception is evidenced by the necessity which then arises of taking explicit account 
of incompressibility in order to avoid change from rotational to longitudinal undulation 
in a heterogeneous medium. k 

92. The question occurs, how far the form of these functions may be susceptible of 
alteration, so as thereby to amend those points in which the account given by the 
electric theory of light is at variance with observation, for example, in the problem of 
metallic reflexion. The form of the function is derived from the phenomena of 
electrical dissipation when the currents are steady or changing with comparative 
slowness; as in other cognate cases, it may be subject to modification when the 
rate of alternation is extremely rapid. But as the elastic quality of the medium is 
assumed to he determined by the components of its rotation, and not at all by 
distortion or compression, it seems natural to infer that the viscous resistance to 
change of the strain is determined in terms of the same quantities and therefore by a 
quadratic function of d/dt (/, g, h). This argument, if granted, will carry with it 
the assertion of Ohm’s law of linear conduction in its general form, though probably 
with co-efficients depending on the period, for disturbances of all periods however 
small. 

In the expressions for & and W, as given above, the principal axes of the 
aeolotropic conductivity are taken to coincide with the principal axes of the 
seolotropic electric displacement, a simplification which need not generally exist. 

The fact that the electric dissipation-function does not involve the velocities of the 
material system shows that the forces derived from it are solely electromotive. 

93. It seems clear that viscous terms alone could not possibly in any actual 
medium be so potent as to reduce the real part of the complex index of refraction 
suitable to metallic media to he a negative quantity. Such a state of matters arising 
from purely internal action involves instability; while on the contrary the general 
influence of viscosity is to improve rather than to diminish the dynamical stability of 
a system. This phenomenon, if indeed it is here properly described, must therefore 
be due to the support and control of some other vibrating system; an explanation 
which has been proposed is to adopt the views of Young and Sbt.LMEteb, and ascribe 
its origin to a near approach between the periods of hydrodynamical vibrations of the 
atoms in the molecule and the simultaneous rotational vibrations of the aether 
produced by the light waves. A theory like this is however usually held as part of 
the larger view which represents ordinary refraction as the result of synchronism of 
periods and consequent absorption in the invisible part of the spectrum; while, in 
the above, the main part of the refraction is ascribed to defect of elasticity due to 
mobile atomic charges. It seems natural therefore to look for some other explanation 
of the discrepancies between theory and observation in ordinary metallic reflexion; 
and the idea suggests itself that if the opacity near the surface were so great as to 
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cause sensible absorption in a very small fraction of a wave-length, the analytical 
formulae might be entirely altered. 

Sir Gbobgb Stqjces* has however supported the view that besides the effects due 
to simple absorption, metals probably also show reflexion phenomena involving change 
of phase, such as were originally discovered by Airy for the diamond, and were 
afterwards found in other highly refractive substanoes. These effects, which were 
extended by Jamin to ordinary media, have been eliminated by Lord Rayleigh for 
the case of water by cleansing of the surface, by which means the sharpness of the 
optical transition would be improved. The phenomena for the case of diamond were 
long ago classed by Green+ as a result of gradual transition; and this might be 
expected to be more marked between hard substances whose optical properties are 
very different. On this view we may not be driven to try the hypothesis of extreme 
absorption in the interficial layer, which is unsatisfactory for the same reasons as 
apply to Kirchhoff’s doctrine of extraneous forces; the quality above mentioned, 
for which Sir George Stokes proposes the name of the adamantine property, being 
sufficient. 


Reflexion by Partially Opaque Media. 

94. The ordinary formulae for reflexion at the surface of an absorbing medium may 
now be derived from the analytical functions which express the averaged dynamical 
constitution of the aether for the case of its vibrations in ponderable bodies. If the 
general argument is correct, it is to he expected that these formulae would be verified 
for reflexion at the surfaces of such media as are not too highly absorbent in com¬ 
parison with the length of the wave. There are in fact two extreme cases; first the 
reflexion of electromagnetic waves of sensible length from metallic surfaces, where the 
reflexion is complete and there is no absorption at all; and second the reflexion of 
waves from perfectly transparent media, where the reflexion is incomplete because 
part of the energy goes on in the transmitted wave. The reflexion of light from 
metals may conceivably be more nearly akin to the first of these limiting cases than 
to the second ; but for media more transparent than metals we should expect closer 
agreement with the ordinary theory, now to be developed. 

95. The general variational equation of the motion is 

j(ST — 8 W — 8'dP) dr — 0, 

leading to 

* In a note appended to a paper by Sir J. Conroy, “ Some experiments on Metallic Reflexion,” ‘ Roy. 
Soo. Pro©.,* Neb., 1893. 

f G. Ga iiy, “ Supple ment to a Memoir on the Reflexion and Refraction of Light,” ‘ Trans. Camb. 
PWl. Boo.,' May, 1839. 


5 H 2 



788 


H'H 


dt dt 


MR. J. LARMOR ON A DYNAIHOAli TNBORY OF 
rfr 


d| dSf ^ dS?l 

+ * + dt dt ] 


dt dt 
dhy \ 
dz 


fK(?-S)+^(f-S)+^S(5-f)}*-A 


On integrating by parts so as to eliminate the differential coefficients of the variation 
8 (f, ij, £), and neglecting the terms relating to the limits of the time, this gives the 
integral with respect to time of the expression 


dt* v 'f dt* SC } 


f dc 2 h 
k dy 


dr 


- m - 7 )« +(f - +(t - m * 

+ |{(me Vi - nb*g) S£ + (na 3 /- Zc 3 A) 8^ + (»V - ™a 2 /) 8{] tZS 
fM (dc'*h db'"-g\ S6 , rf /<*«'*/ *'»A\ R rf /tBflg ^'y\ | 

~\U ~ ^) s * + ~ 17 )^ + di[ar - 1 ^- )K] dT 

+ f{~- (mc% - nb'tg) + ~(na '*/- fc'*A)Si, + ~(^-W 3 /)8{} dS. 


Hence the equations of propagation of vibrations are of the type 

rZ^ , dc 2 ? _ rfjy , «!_ /dd*? _ _ 

P dt* ‘ dy dz dt \ dy dz J ’ 

that is 


where 


P dt* ~ dy 



(«!*. 



+ a' 3 |-,& 3 + &' 3 


d_ 

dt 



Thus on the assumption that the principal axes of the dissipation function are the 
same as those of the optical elasticity, the equations of propagation in absorptive 
crystalline media differ from those of transparent media only by the principal indices 
assuming complex values. 

96. To determine how the absorption affects the interfacial conditions on which the 
solution of the problem of reflexion depends, let us transform the axes of co-ordinates 
so that the interface becomes the plane of yz, and (l, m, n) = (1, 0, 0). The potential 
energy function and the dissipation function will now be quadratic functions of the 
rotation and its velocity respectively, U and U' say, as in § 14 ; and we can now 
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incidentally extend our view to the case in which these functions have not the same 
principal axes; The variational equation of motion is represented by the vanishing of 
the time-integral of the expression 



The equations of propagation are therefore of type 

ddU i _ d dV, 

P dt 3 + dy dh dz dy 

where 

D, = U + fu'. 

The boundary condition demands in general the continuity of the expression 



in crossing the interface; for the special case of (l, m, n) — ( 1 , 0 , 0 ), this involves 
continuity in 17 , £, dJJfdg and dUyjdh. 

Thus, under the most general circumstances, the inclusion of opacity is made 
analytically by changing the potential energy-function from U to Uj, where Uj is 
still a quadratic function, but with complex coefficients. If U and U' have their 
principal axes in the same directions, a change of the principal indices of refraction of 
the medium from real to complex values suffices to deduce the circumstances both 
of propagation and of reflexion of light in partially opaque substances from the ones 
that obtain for perfectly transparent media. In all cases however the function Uj 
has three principal axes of its own, whose position depends on the period of the light. 

Dynamical Equations of the Primordial Medium. 

97 . The medium by means of which we have been attempting to co-ordinate 
inanimate phenomena is of uniform deifsity, if there be excepted the small volumes 
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occupied by possibly vacuous cores of the vortex atoms. Its motion ispartlyhydro- 
dynamical and irrotation&l, and is partly of rotational elastic quality. Its equations 
of motion are, for the averaged displacements which represent the general circum¬ 
stances of crystalline quality, 

p dP ' dy dz ' dx 


D s i7 
P dt* 


f 




dz dx'dy 

dPff _ dxdf dp __ 0 
dx dy ' dz"~~ ' 


where (£, y, Q is the linear displacement, (f, g, h) is its vorticity or curl, and p is a 
hydrostatic pressure in the medium, the symbol D*/<ft 8 denoting the acceleration of a 
moving particle as contrasted with the rate of change of velocity at a fixed point. 

98. These equations represent the general circumstances of the propagation of 
radiation through the medium; and in them the velocity of translation of the 
medium due to vortices in it has been averaged. But if we desire to investigate in 
detail the motion and vibrations of a single vortex-ring or a vortex-system in a 
rotationally elastic fluid medium, it is of course not legitimate to average the motion 
of translation near the ring. The determination of the circumstances of the influence 
of a moving medium on the radiation also requires a closer approximation. Con¬ 
sidering therefore the free aether, which is devoid of crystalline quality, and 
substituting 

J t (6 V> 0 = (u + « 1 > V -+• v u w -f Wj), 


so as to divide the velocity into two parts one of which represents the translation of 
the medium and the other its vibration, we have 


D = 17 + <« + «i> £ + ( v + v i) fy + + W ') X ’ 


so that 


dt dt 
I) 


dt 


j . ht , Biu , dn , du , 

(« + «!)= *+*+“.*+”. ^+”’1 


dz 

du 

lx 


very approximately where 

1 

dt 


represen te | + «£ + + «, - 


Hence separating the hydrodynamical part in the form 


8 . . / d d d\ 
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iviush represents irrotational motion except in the vortices, there remain vibrational 
equations of the type 


i du . du 

+ »i7 + w, — 
1 dy ' 1 dz 


i *Ex 0 
dy dzj'dx 


In a region in which the velocity of translation ( u , v, w) is uniform, the radiation 
is thus simply carried on by the motion of the medium. 

99. The vibrational motion which is propagated from an atom is interlinked with 
the motion of translation of the medium, only through the hydrostatic pressures 
which must be made continuous across an interface; the form of the free surface has 
in fact to be determined so as to adjust these pressures at each instant. To fix 
our ideas, let us consider for a moment the problem of the vibrations of a single ring 
with vacuous core, moving by itself through the medium, in the direction of its 
with a given atomic electric charge on it. To obtain a solution we assume that the 
radius vector of the cross section of the core varies with the time according to the 
harmonic function suitable to its types of simple vibration; and we determine the 
irrotational motion in the medium that is produced by this motion of the surface of 
the core, and calculate the pressure p 0 at the free surface. Next we determine the 
vibrational rotation (f g, h) that is conditioned by the same vibratory movement of 
the surface of the core, while it is independent of the inertia of the hydrodynamics! 
motion in the medium; this has also to satisfy the condition that the tangential 
components of the rotation are null all over the surface, so that there may be no 
electromotive tangential traction on it. In order to satisfy all these surface conditions 
it will usually be necessary to introduce an electromotive pressure p x into the 
equations of vibration, although this was not required in the problem of reflexion at 
a fixed interface; in other words the pressure in that problem was quite unaffected 
and therefore left out of account. The magnitude of this pressure is then to be 
calculated from the solution; and the condition that it is equal and opposite at the 
free surface, to the pressure p 0 of hydrodynamical origin, gives an equation for the 
period of the vibrations of the type assumed. If on the other hand the core is taken 
to consist of spinning fluid devoid of rotational elasticity, instead of vacuum, the 
conditions at its surface will be modified. 

100. If the form of the ring is such that the period of its hydrodynamic vibration 
is large compared with that of the corresponding electric vibration, an approximate 
solution is much easier; it is now only necessary to suppose that on each successive 
configuration of the core there is a distribution of static electricity in equilibrium, and 
to allow for the effect of this distribution on the total pressure which must vanish 
at a free surface. 

In this case the electric vibrations will continue for a comparatively long time, 
until all the energy of the disturbance in the molecule is radiated away, but they 
will be of very small intensity. Thq Vibrations of an electric charge over a con- 
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ducting atom which is not a vortex ring are practically dead-beat, and could not give 
rise to continued radiation of definite periods: but the case is different here* and the 
vibrations will go on until the energy of the disturbance of the steady motion of the 
vortex-ring atom has all been changed into electrical waves. 

Now the periods of the principal hydrodynamical vibrations of a single ring may 
be regarded as the times that would be required for disturbances of the different 
permanent types to move round its core with velocities of the same order of magnitude 
as the actual velocity of translation of the ring through the medium; while the 
periods of the electrical vibrations are the times that would be required for electric 
disturbances to move round the core with velocities of the same order as the velocity 
of radiation. The first of these periods is for an isolated ring very much the greater, 
so much so that electric vibrations could hardly be excited at all by vibrations of the 
atom comparatively so slow. But in the case of a molecule there would also be much 
smaller hydrodynamical periods, due to the interaction between neighbouring parts 
of the paired rings, which may be expected to maintain electrical vibrations in the 
manner above described; and in the case of an isolated ring the periods which 
involve crimping of the cross section may produce a similar effect, though they 
cannot involve a sensible amount of energy. 

When the core is of the same density as the surrounding fluid, and there is no Blip 
at its surface, the hydrodynamical pressure across the interface will be continuous in 
the steady motion of the ring; therefore the above electric pressure must be uniform 
all over the interface ; that is, the electric force must be constant over it, as well as 
the electric potential. These conditions determine the form of the interface in the 
steady motion ; and the rotational motion of the core is then determined, through its 
stream function, so as to have given total amount and to be continuous with the 
circulatory irrotational motion just outside it. 

On Gravitation and Mass. 

101. The hypothesis of finite though very small compressibility of the tether has 
occasionally been kept in view in the foregoing analysis, in the hope that it may lead 
to results having some affinity to gravitation. There does not appear however to be 
any correspondence of this kind. A tentative theory has already been proposed and 
examined by W. M. Hicks, which makes gravitation a secondary effect of those 
vibrations of vortices in an incompressible fluid which consist in pulsations of volume 
of their vacuous cores. But the periods of such vibrations are not very different 
from the periods of their other types; and the theory cannot be said to be successful, 
the objections to it being in fact fully stated by its author.* 


* W. M. Hicks, ‘Proc. Camb. Phil. Soc.,’ 1879; ‘Roy. Hoc. Proc.,’ 1883; also ‘Phil. Trans.,’ 1888, 

p. 162. 
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Thus there will be added to the right-hand side of the equations of vibration n< 
terms, giving in all 
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It follows that tst satisfies the equation 


cPm 
P di* 


- AV*w; 


so that the compressions! wave is propagated independently of the rotational one, of 
which the circumstances are given by equations of the type 


_ ± /day ^ dt*k\ 
P dt* dx \ dx ' dy ' dz) 


-f- v*ay. 


In the discussion of the reflexion of light it has been shown that the same absolute 
separation of compression and rotation is manifested in the passage across an inter¬ 
face into a new medium; so that however heterogeneous the medium be rendered by 
the presence of vortex-atoms, these two types of disturbance are still quite independent 
of each other. 

The alteration in the electrostatic equations which would be produced by this 
compreasional quality has already been given; if the value of the modulus A is 
extremely great, this alteration will be quite unnotice&ble. In that case, waves of 
compression will be propagated with extremely great velocity, so that as regards 
compression the medium will assume almost instantly an equilibrium condition, for 
mhich therefore V*a .» 0. 

It follows that the value of the integral \dmjdn . d8 is the same for all boundaries 
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which contain inside them the same atoms. :'Jf we want to mate this 
constant throughout time, we may imagine thatthe medium was originally ineqai- 
librium without compression, and was then strained by altering the volume of each 
electrically charged atom by a definite amount. The state of strain thus represented 
in the aether has a pressure at each point equal to A multiplied into the gravitation 
potential of a mass equal to this constant, supposed placed at the atom. Its energy 
is however 


£ A I® 2 dr, 


instead of 


■W( 


dm* Am * 4»*\ » 

rfas* At?) * 


which it ought to be* if it were gravitational energy; so that there is no means of 
explaining gravitation here. 

102. If we could imagine for a moment that the electric charges of the two ions 
in a molecule do not exactly compensate each other, but that there is a slight excess 
always of the same sign, we should have a repulsive force of gravitational type, trans¬ 
mitted by a stress in a rotational aether. A term of this form in the energy, if it 
were kinetic instead of potential, would account for gravity. The question thus sug¬ 
gested is, whether the kinetic energy of the primordial medium has been sufficiently 
expressed, in view of the inherent rotational quality in its elements. It was proved 
by Laplace that the velocity of gravitation must be enormously great compared with 
that of light; so that the gravitational energy, whatever its origin, must preserve a 
purely statical aspect with respect to all the other phenomena that have been, here 
under discussion. 

The objection has been raised, by Clerk Maxwell and others, to the vortex-atom 
theory of matter, that it can give no account of mass for the case of sensible bodies. 
But it may be urged that mass is a dynamical conception, which in complicated cases 
it would be hard to define exactly or give an account of. The clearest view of 
dynamics would appear to be the one maintained by various writers, notably by 
L. N. M. Carnot and by Kirchhoff, that the function of that science is to cdrielate, 
or give a general formula for, the sequence of physical phenomena. The ultimate 
formula which is, it is hoped, to embrace the physical universe is the law of Least 
Action ; and the ultimate definition of mass is to make it a coefficient in the kinetic 
part of the energy-function of the matter in that formula. Ab the theories here dis¬ 
cussed are referred to the single basis of this law of Least Action, the objection that 
they do not take account of mass can hardly be prohibitive; though they may not be 
able to explain how the idea of mass is originated by aggregation of terms in that 
equation. 

103. It is conceivable that the rotational elasticity of the fundamental medium is 
really due to a rotatory motional distribution in it, which resists disturbance from 

* Of. Uuwiu, “ A dynamical theory of the Rleotromagnetic Field,” § 82, ‘Phil. Trane.,’ 18$t 
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■ Jife.iMfy''equilibdum state with excessively great effective elasticity, while the 
tractobn# necessary to equilibrate a free boundary are non-existent. Such a hypo- 
- diesis looks like explaining one setfaer by means of a new one, but it is perhaps not 
really more complicated than the facts; on our present principle of interpretation, the 
change of gravitation in the field due to a disturbance at any point must have been 
propagated somehow, while in the machinery that transmits electric and luminiferous 
disturbances no elasticity has yet been recognized anywhere near intense enough to 
take part in such a propagation. 

We may not surmount the difficulty by the assumption that, in addition to the 
finite resistance to rotation which is the cause of the propagation of the radiation, the 
medium also possesses an enormously greater static resistance to rotations of some 
more fine-gmined structure, and that the surface integral of the rotation over any 
surface enclosing a vortex-atom is a positive constant, of course definite and unchange¬ 
able in value for each atom ; for this would lead to gravitational repulsion instead of 
attraction. The term must be in the kinetic energy, not in the potential energy of 
the medium. 

104. In a representation of a magnetic or other medium,* imagined to be composed 
of gyrostatic elements Bpinning indifferently in all directions, and linked into a 
system by an arrangement like idle-wheels between them, in fact by an ideal system 
of universal ball-bearings, the kinetic energy function would have a rotatory part 
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where (/, g, h) is the absolute rotation of an element, which is supposed from the 
connecting mechanism to be a continuous function of position in the system. 

We would have therefore 
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Thus the kinetic forcive which is the equivalent of the actual applied forcive in the 
medium per unit volume, arising from its potential energy and such extraneous forces 
as act on it, is "m 

c I, »>■ 


If we suppose the displacement (f, ij, £) to be originally derived from a potential 

* Of. Maxwell’s “Hypothesis of Molecular Vortices," ‘Treatise,’ §§ 822-7. 
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function <f> } this kinetic forcive exists only where there is some portion of the ideal 
mass-system of which $ is the potential i the spin in the medium time producesno 
forcive anywhere except in the spinning parts. 

We may imagine this medium to be a hydrodynamical oneeuch as oouldsustain 
vortex-motion ; then this kinetic forcive is oonfined to the vortices. Throughout a 
small volume containing a vortex, the aggregate of this forcive is 

of which the part outside the core of the vortex is 


°f 


&_(d_ d_ 
dfl \ dx * dy 


d_ 

dz1 


and is therefore null, so that this quantity JV 3 (£, 17 , £) dr may be taken as an intrinsic 
constant for any particular isolated vortex throughout all time: Again, its value is 
the same for the regions bounded by all surfaces which include the same vortices; 
thus there is a kinetic reaction proportional to the second differential coefficient with 
respect to time of the amount of this particular constant thing that is carried by the 
vortices contained in the element of volume. If we attach in thought this forcive to 
a moving element of volume containing the vortices, instead of to the fixed element of 
volume, it will vary jointly as the amount of this thing that belongs to the vortex- 
group, and the acceleration of the element of volume in space; and its aggregate 
amount will not be affected by interaction between the vortices of the group. This 
appears to introduce the dynamical notion of mass and acceleration of matter; and 
this illustration has been furnished by a function representing energy of spin in the 
medium, which exists only where that spin is going on, i.e. in the vortices. The 
remaining part of the kinetic energy of the medium, which is the whole of the kinetic 
energy of that part of the medium not occupied by vortices, is translational as above 
and equal to 


** fC 


dp + dt* + w) dT ' 


105. To make a working scheme we must suppose a layer of the medium, possessing 
actual spin, to cover the surface of each coreless vortex-atom; we might imagine 
a rotationless internal core which allowed no slipping at the surface, and this spin 
would be like that of a layer of idle-wheels which maintained continuity between this 
core and the irrotational circulatory motion of the fluid outside. A gyrostatio term in 
the kinetic energy thus appears to introduce and he represented by the kinetic idea 
of mass of the matter; it enters as an aeolotropic coefficient of inertia for each vortex, 
but when averaged over an isotropic aggregate of vortices, it leads to a scalar 
coefficient for a finite element of volume. • . 
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$£'tkie cwe of tk© vortex-atom is not vacuous but consists as in ordinary vortices of 
apiian^g dwd» here devoid of rotational elasticity, the rotational kinetic energy 
of thevortexas distinguished from translational energy will be a possible source of 
the phenomena of mass; but to possess such energy the medium must have some 
ultimate structure, for in an infinitely small homogeneous element of volume the 
ratio of the rotational to translational part of the kinetic energy would Jbe infinitely 
sm al l Such a structure, confined to the oores of the vortices, need not be in con¬ 
tradiction with Maxwell’s principle that the constitution of a perfect fluid cannot 
be molecular. 


[Added June 14, 1894.] 

On Natural Magnets. 

106. Lord Kelvin* has pointed out that the forcive between a pair of rigid cores 
in a fluid, with circulatory irrotational motion through their apertures, is equal but 
opposite to the forcive between the corresponding steady electric currents as expressed 
by the electrodynamic formulae. The reason of this difference lies in the circumstance 
that the connexions and continuity of the fluid system prevent the circulation round 
any core from varying, so long as that core is unbroken ; while the constraints must 
be less complete in the electrodynamic problem, because the currents change their 
values by induction. These constant circulations are of the nature of the constant 
momenta belonging to cyclic motions of dynamical systems; and it is known that 
when such constant momenta are introduced into the expression for the energy in 
place of the corresponding velocities, the type of the general dynamical equation 
is thereby altered.! - The modification which the equation of Least Action must 
undergo under these circumstances has been investigated on a previous occasion.^ 
In the case of fluid circulation, when the oores are so thin as to interpose no sensible 
obstacle to the flow, the sign of that part of the kinetic energy which involves the 
cyclic constant of the motion has merely to be changed; in other words this energy 
is for the purpose of the modified dynamical equations to be treated as potential 
instead of kinetic. In all cases in which co-ordinates of a dynamical system can be 
ignored by elimination in this manner the energy function consists of two parts, 
one a quadratic function of the velocities of the bodies, the other a quadratic function 
of the constant momenta: in the case just mentioned the former part is negligible, so 
that the part whose sign is to be changed is practically the total energy. 

* Lord Kelvin (Sir W. Thomson), “ Hydrokinetic Analogy,” ‘Proc. Itoy" Soc., Edin.,’ 1870 j ‘ Papers 
on Electrostatics and Magnetism,’ p. 572. Also Kirchhout, ‘ Crelle,’ 1869. 

t Booth, “ Stability of Motion,” 1877, ch. 4, §§ 20 seq.; Thomson and Tait, “ Natural Philosophy,” 
ed. 2, 1879, §§ 819, 320; voh Helmholtz, “On Polyoyolic Systems,” ‘Crelle,’ 1884-1887. 

J “ Least Action,” • Proc. Loud. Math. Soc.,’ XV., March 1884. (On p. 182 tha aleotrodynamio energy 
is quoted with the wrong sign.) 
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The validity of the application of the Lagran^h equations in theunmodified 
form to electric currents, as in the discussion in this paper, thus requires that t^eFe 
is no intrinsic cyclosis in the motions which exist in the electrodynamic held. The 
conductors must therefore all form practically incomplete circuits, in which the How 
may be maintained and altered by means of what are effectively breaches in the 
continuity of the medium; and as a further consequence, arising from such breaches 
of continuity, the mechanical forcives between the conductors will not now be wholly 
due to ordinary fluid pressure. 

In an ordinary electric circuit, the circulation of the medium is thus maintained 
around the conducting part of the circuit by electric convection or displacement 
across the open or electrolytic part, by means of a process in which the rotational 
elasticity of the medium is operative. We may imagine this electric convection to 
be performed mechanically, and to be the source of the energy of the current: the 
force-component corresponding to the dynamical velocity which represents the 
current will then be the electric force which does work in the convection of charged 
iona If this convection ceased, the circulatory; motion which constitutes the 
magnetic field of the current (t.e. its momentum) would be stopped by the elasticity 
of the medium ; and by altering the velocity of this convection, we have the means 
of adding to or subtracting from the circulatory motion, the change of kinetic energy 
so produced being derived from the electric force which resists convective displace¬ 
ment. This mode of mechanical representation suffices to include all the phenomena 
of ordinary electric currents. On the other hand, in a molecular circuit there is no 
electric convection, but only a permanent fluid circulation through it, such as would 
be self-subsisting, by aid of fluid pressure only, when the core is fixed, and could not 
in any case be permanently altered, on account of the rotational elasticity. 

In the establishment of an ordinary current in an open circuit, the rotational 
elasticity of the medium acts very nearly as a constraint, on account of the great 
velocity of electric propagation; and there is therefore at each instant only an 
insignificant amount of energy involved in it. But notwithstanding, if there are 
other open conducting circuits in the neighbourhood the action of this elasticity in 
establishing the current will be partly directed by them and relieved by circulation 
round them. The final result for maintained currents is however irrotational motion 
through the circuits; the kinetic energy is sufficiently represented, for slow changes, 
by the ordinary electrodynamic formula for linear currents; and it is directly 
amenable to the Lagrangian analysis. If the currents move in each others’ fields, 
with external agencies to prevent their strengths from altering, these agencies must 
supply twice as much energy as is changed into mechanical work in the movement, 
in accordance with a theorem of Lord Kelvin’s. 

Conversely, assuming that the electromagnetic energy is kinetic, it would seem 
that we are required by Lenz’b law to take the currents in ordinary electric circuits 
to be of the nature of velocities, in the dynamical theory; though in the essentially 





of an Amperean magnetic molecule, the circulation which 
to the current is pore allied to a generalised momentum, 
ic vortex atoms would have to be introduce with changed 
equation of Least Action, and this will involve the presence in 
the modified function of terms containing the electric generalized velocities in the 
"fkm Unless the cross sections of the rings are very small compared with 

their diameters, there will also occur terms involving products of the strengths of 
the vortices and the velocities of the movements of the rings. For two stationary 
thin rigid cores of very narrow section, the mutual forcive due to fluid pressure will 
thus be equal but opposite to the forcive between the corresponding electric currents; 
the general features of this result are in fact easily verified by consideration of the 
distribution of velocity, and therefore of pressure, in the steady fluid motion of the 
medium. 

107. The serious difficulty presents itself that the mutual attractions of natural 
magnets are actually in the same direction as those of the equivalent electric currents,' 
and not, as would appear from this theorem, in the opposite direction. In the first 
place however, the theorem is proved only for rigid cores, held in the circulating 
fluid medium, and the forcive in question is simply the resultant of fluid pressures 
over the surfaces of the cores. In the case of vortex atoms with vacuous cores, such 
a pressure would not exist at all. And when we consider individual molecules, the 
question is also mixed up with the unsolved problem of the nature of the inertia of a 
vortex molecule. 

It may be of use to examine separately the distribution of kinetic energy which 
the preseuce of two vortex aggregates implies in the medium surrounding them and 
between them, as distinguished from the kinetic energy inside them which is in 
direct relation with intermolecular forces. Let us take Lord Kelvin’s illustration, 
a set of open rigid tubes in a frictionless fluid, through each of which there is circu¬ 
latory motion. “ When any change is allowed in the relative positions of two tubes 
by which work is done, a diminution of kinetic energy of the fluid is produced within 
the tubes, and at the same time au augmentation of its kinetic energy in the external 
space. The former is equal to double the work done ; the latter is equal to the work 
done; and so the loss of kinetic energy from the whole liquid is equal to the work 
done.”* The distribution of energy in the medium, outside two vortex aggregates, 
thus varies in the same way and witli the same sign as the energy of the field of the 
corresponding magnets, as of course it ought to do. And the question is suggested, 
are we allowed to turn the difficulty as to the nature of the inertia of the vortex 
atoms by considering the magnetic forcive between two permanent aggregates as 
derived from the transformation of the kinetic energy in the medium between them ? 

The motion of the medium between them may be set up by the proper impulsive 
pressures over the surfaces of the aggregates, just as the magnetic field is determined 
* Lord K*tvw, “ Electrostatics and Magnetism,” 1872, § 737. 
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by tbe distribution of magnetic intensity over the outer boundary of the magnets. 
And. the principle of energy by itself shows that if we bound tbe twO'-j^«iBg»fcis-^:v' 
moving surfaces which always pass through the same particles of tbs medium.tb© 
increment of the kinetic energy outside is equal to the work done in the actual tnotton 
by the pressures transnptted across the surfaces of the two aggregates; though w© 
are unable to extend this result to arbitrary virtual displaoements of the surfaced 
Nor is the method of § 58 now applicable to complete the proof, because it is 
impossible to have an equipotential surface surrounding a magnetic system* 

108. In all theories which ascribe the induction of electric currents to elastic 
action across the intervening medium, a discrepancy arises when the induction is 
produced by movement through a steady magnetic held ; for in such cases there is- no 
apparent play of electric force across the field. This difficulty may perhaps disappear, 
.on the present view, when we regard such a field, not as an absolutely steady motion 
like fluid circulation round fixed cores, but as the statistically steady residue of 
elementary elastic disturbances sent out through the medium by the molecular 
discharges which maintain the inducting currents, or by changes of orientation and 
other disturbances of the molecules of the permanent magnets, such as are involved 
in any kinetic theory of matter. These elastic disturbances do not spread out 
indefinitely as waves, but come to an end when tbe medium has attained a new 
steady state which they have been instrumental in forming. The progress and decay 
of each small disturbance generates a current on the secondary system, whose 
integrated amount would be null if that system were at rest: but in the actual 
circumstances of movement during the progress of the induction there will be a 
residual value. The aggregate of such differences between elementary direct and 
reverse induced currents would constitute the observed total current. Thus as 


regards induction, change of the magnetic field of a permanent magnet would act in 
the same way as that of an ordinary current, notwithstanding that if each molecule 
of the magnet were held fixed there might (§ 106) be no induction. 

On these grounds, the field of a permanent magnet would be regarded, not as a 
steady circulation of the gether, absolutely devoid of elastic reaction, but as the 
statistically steady resultant of the changing fields of the incessantly moving 
molecules which make up the magnet. The steady field of morion associated with a 
fixed magnetic molecule would be maintained by fluid pressure alone i but when the 
molecule is rotated, some agency is required to prevent slip during the establishment 
of the new steady motion; and in this way the elasticity may come into play. 
In ordinary hydrodynamics, the process of the establishment of a fluid motion is kept 
out of sight: it is simply assumed that the morion can be set up without slip, and 
that it is set up practically instantaneously throughout the field. In the present 
problem on the other band, something formally equivalent to slip does occur across 
the dielectric gaps in each electric circuit; and this circumstance modifies the process 
of establishment of the motion. 
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l^i$ explaiuitim if valid, would carry with ife by virtue of the principle of energy, 
the observed law of attraction of a permanent magnet on an ordinary electric current; 
and also, provided we could assume the law of action and motion to be applicable, 
that of® magnetic field on the aggregate constituting a permanent magnet. And as 
in the ease of currents maintained steady, when two permanent magnets move each 
other the energy in the medium surrounding them is increased by the mechanical 
work done, but the energy in their interiors is diminished by twice that amount. 

Whatever be the value of these remarks, it would seem that the difficulty with 
respect to permanent magnets can hardly be insuperable, as it must attach in some 
form to any theory which makes magnetic energy kinetic. For, on that hypothesis, 
this energy must be wholly cyclic when there are only permanent magnets on the 
field; and its sign would therefore have to be changed, just as above, in forming 
dynamical equations which take separate account of each magnetic molecule. If on 
the other hand the statistical view above adopted is allowed, the complication intro¬ 
duced by intermolecular actions will be avoided, and only the averaged action between 
the two systems will remain. 

On the Electrodynamic Equations. 

109. The kinetic energy of the electric medium is 



Let us transform this expression to new variables (/, g, h) which represent the 
components of the absolute rotation at each point; and let us suppose that there is 
nowhere Any discontinuity or defect of circuital character in these quantities. We 
must therefore assign to them very large but not infinite values in an indefinitely 
thin superficial layer of the conductors, which shall be continuous with their actual 
values outside and their null value inside that surface.* The object of doing this is 
to abolish all surface-integral terms which would otherwise enter, on integration by 
parts, at each interface of discontinuity ; the surface-integral terms that belong to the 
infinitely distant boundary need not conoern us, except in cases where radiation plays 
a sensible part. 

We may show as in § 52 that under these circumstances 

T -S0' + S O + f“)*- 

where 

<F,G,H)=(£ I ir.sr.n 

r' being the distance of the element dr from the element dr. 

* The procedure of this section leaves out dissipation, and so confines the currents to the surfaces 
of the conductors. 

MDCCCXCIV. — A, 5 K 
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It is of necessity postulated throughout that (/, g, h) is circuital, for it is the curl 
of (£> V> 0 5 that is, the proper current sheet must always be taken to exist at the 
surface of the conductor in order to complete the electric displacement in the medium. 
It follows as in § 57, but only under this proviso, that the magnetic force is the curl 
of Maxwell’s vector potential (F, G, H) of the current-system. 

The transformation of the kinetic energy T to the directly elastic co-ordinates 
(/, g, h) is thus established ; and the dynamical equation of the medium is 

8 J(T — W)eft = 0 

in which the time is to remain unvaried. In order however to obtain equations wide 
enough to allow of the restriction of ( f g, h) to circuital character, which is now no 
longer explicitly involved, we must incorporate this restriction in the variational 
equation after the manner of Ettler and Lagrange, and so make 

4ir$ p// (T - W) + *{*[**(! + %+ f) = °. 

and restrict the function of position subsequently so as to satisfy the circuital 
relation. Thus 



Now in all cases in which the kinetic energy of a dynamical system involves the 
velocities but not the co-ordinates, the result of its variation is the same as if the 
momenta, such as F, G, H, in the expression in terms of momenta and velocities, 
were unvaried, and the result so obtained were doubled. Thus we have here 



or, integrating by parts and omitting the boundary terms for the reasons above given, 

Therefore throughout the system the forcive corresponding to the displacement 

(/> 9> A) is 
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100*. When however we consider the case of conductors in motion, so that their 
current sheets, instead of being referred to fixed axes, are carried on along with them, 
we shall have to refer the medium and therefore also the above variational operation 
to a moving scheme of axes or more generally to a moving space; and this will be 
accomplished if we include in djdt (F, G, H) not only ordinary partial differential 
coefficients with respect to the time, but also the rate of change due to alteration of 
position of the point considered owing to the movement of the space to which it is 
referred. 

The result of this reference to moving space, for the case in which it moves liko 
a body of invariable form, is worked out as in Maxwell, * Treatise,’ § 600, and leads 
to his well-known equations of electric force. These equations are however expressed 
with equal generality by eliminating the adjustable quantity iff, thus obtaining for any 
complete circuit, with this extended meaning of djdt, 

[(Pda + Qdy + Kdz) = - Y t ((F«& + Gd 'J + Hdz) 

= — f [{la + ltd) + «c) dS. 

As this relation retains the same form whether referred to fixed or to moving 
space, it expresses the Faraday-Maxwell law that under all circumstances the 
electromotive force referred to a circuit, fixed or moving, is equal to the rate of 
diminution of the magnetic induction through its aperture. 

The expressions for the electric force thus determined are merely formula for the 
kinetic reaction of the disturbed medium, which must be at each instant balanced by 
the forces of the elastic strain which is the other aspect of the efficient cause of 
the phenomena. Thus they do not imply any conclusion that in all material dielectrics, 
whether gaseous or liquid or solid, the motion of the matter produces an electric effect 
which is objectively the same for all; the equations referred to moving space apply in 
fact quite as readily to the free aether itself as to a moving material medium, provided 
the currents as well as the electric force are referred to the moving space. 

In any actual problem, the quantity \]>, which enters into the electric force, is made 
determinate by means of the circuital condition to he satisfied by the currents 
throughout the dielectric : as a matter of convention we may if we please take \jj to 
include the electric potential of charges on the conductors which are the terminal 
aspects of the elastic strain in the dielectric, but nothing essential is perhaps gained 
by such a course, unless in the case of slow movements. 

110. If however we were to adopt, on the lines of Helmholtz’s theory of 1870, a 
different procedure and assume that the vector (F, G, H) is a physical entity as 
distinct from a mathematical expression, and so assign a definite physical formula for 
it, which must from our actual knowledge be of the type 
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it would follow that the circumstances of the induced electric force are not determined 
merely by the distribution of magnetic induction in the field, but involve the actual 
distribution of electric current and of magnetism throughout all space. For there are 
very various distributions of electric current and magnetism in the more distant parts 
of space which lead to the same distribution of magnetic induction in the neighbour" 
hood of the system in which the currents are induoed : these would be equivalent as 
regards the magnitudes of induced currents, but not as regards the distribution of 
induoed electric force. 

This state of things would not be inconsistent with general principles. The electric 
influence arising from a disturbance of one system is propagated elastically to other 
systems across the intervening medium, the propagation being nearly instantaneous 
without showing any sensible trace of the disturbance during its transit through the 
medium, and this on account of the high elasticity and consequent great velocity of 
propagation. The magnetic field is a residual effect of this propagation ; that field is 
sufficient to represent the aggregate features of the result in cases in which the current 
is mostly conducted, but it need not represent the features of the propagation in 
detail. There are in fact cases in which induction takes place across a space in which 
there is at no time any sensible electric or magnetic force at all: for example the 
starting of a current in a ring electro-magnet induces in this way a current in any 
outside circuit which is linked with the ring : the elastic propagation here leaves no 
trace in the form of motion of the aether or magnetic force. 

111. When the velocity of electric propagation may be taken as indefinitely great 
compared with the velocities of the conductor's in the field, the phenomena of induced 
currents will depend only on the relative motion of the inducing and induced systems; 
thus we may simplify the conditions by taking the induced system at rest subject to 
the electric influences sent out from an inducing system in motion and otherwise 
changing. Now in this simpler case the electric intensity consists of two parts, one 
of them required to keep the current going against the viscous resistance of the 
conductor and the elastic resistance of the dielectric, and the other a free disturbance 
which will be continually cancelled with the velocity of radiation as fast as it is 
produced. The latter part therefore practically does not exist in ordinary problems 
of induction, in which the movements are slow compared with the velocity of light. 
Thus the elastic displacement of' the electric medium may be taken as in internal 
equilibrium by itself in all such cases; there can be no free electric force inside a 
conductor, and the electric charge, if any, will reside on its surface. The amount of 
this superficial charge will be the time-integral of the displacement current which is 
involved in the total current, and which is wholly in the outside dielectric. Now the 
determination of the complete current is a perfectly definite problem, on the principles 
of Ampere and Faraday : thus the electric force at any point and the static 
electrification on the conductors are also on the same principles definite and 
determinate, subject to this proviso of slow movement of the bodies concerned. 
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Conclusion. 

112. The foundation of the present view is the conception of a medium which has 
tbd properties of a perfect incompressible fluid as regards irrotatiouai motion, but is 
at the same time endowed with an elasticity which allows it to be the seat of energy 
of strain and to propagate undulations of transverse type ; and the question discussed 
is how far such a simple type of medium affords the means of co-ordination of physical 
phenomena. This idea of a medium with fluid properties at once disposes of the 
well-known difficulties which pressed on all theories that imposed on the Hither 
the quality of solidity. If the objection is taken, which has been made against the 
ordinary vortex-atom theory of matter—that a perfect fluid is a mathematical 
abstraction which does not exist in nature, and the objective existence of which has 
not been shown to be possible,—the conclusive reply is at hand that the rotational 
elasticity with which the medium is here endowed effectually prevents any slip or 
breach such as would be the point of failure of a simple fluid medium without some 
special quality to ensure continuity of motion. On this head it will be sufficient to 
refer to some remarks of Sir G. G. Stokes* on a cognate topic. If therefore it 
is objected that we have no experience of a medium whose elasticity depends 
on rotation and not on distortion, the reply is that we can form no notion of the 
structure of a continuous frictionless fluid medium, unless we endow it with just some 
such elastic property in order to maintain its continuity. 

The idea of representing magnetic force in the equations of electrodynamics by the 
velocity of the electric medium has been tried already, for example by Heaviside and 
by Sommerfeld, not to mention Euler. The objection however has been taken by 
Boltzmann and also by von Helmholtz that it would be impossible on such a 
theory for a body to acquire a charge of electricity. A cardinal feature in the 
electrical development of the present theory is on the other hand the conception of 
intrinsic rotational strain constituting electric charge, which can be associated with an 
atom or with an electric conductor, and which cannot be discharged without rupture 
of the continuity of the medium. The conception of an unchanging configuration 
which can exist in the present rotational aether is limited tg a vortex ring with such 
associated intrinsic strain : this is accordingly our specification of an atom. The 
elastic effect of convection through the medium of an atom thus charged is equivalent 
to that of a twist round its line of movement: such a twist is thus a physical element 
of an electric current. 

113. The chief result of the discussion is that a rotationally elastic fluid aether 
gives a complete account of the phenomena of optical transmission, reflexion, and 
refraction, in isotropic and crystalline media, coinciding in fact formally in its wider 
features with the electric theory of light; and that it gives a complete account of 

* Sir G. G. Stokes, “On the Constitution of tho Luminiferous .Ether,” ‘Phil. Mug.,' 1848, 

* Collected Papers,’ vol. 2, p. 11. 
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electromotive phenomena in electrostatics and electrodynamics. It assigns correctly 
the magnetic rotatory action on light to a subsidiary term of definite type in 
the energy function of a material medium; while to avoid a magnetic tranelatory action 
of such amount as would be detectable, it is compelled to assign a high value to the 
coefficient of inertia of the free aether. In unravelling the detailed relations of 
tether to matter it is not very successful, any more than other theories; but it 
suggests a simple and precise basis of connexion, in that form of the vortex-atom 
theory of matter to which it leads ; and even should the present mode of representa¬ 
tion of the phenomena become on further development in this direction definitely 
untenable, it may still be of use within its limited range as illustrating wider views of 
possibilities in that field. The theory also leads to the correct expressions for the 
ponderomotive class of electrostatic and electrodynamic phenomena, or rather it is not 
in disagreement with them ; for hei’e again knowledge of the details of the relation 
between the aether and the matter is defective, and thus for example the law of the 
attraction between permanent magnets is left unexplained. It supplies also a more 
definite view of the essentially elastic origin of all eleotrodynamic action than has 
perhaps hitherto been obtained, especially in cases of induction by motion across a 
steady magnetic field. 


[Added August 13, 1894.] 

Introduction of Free Electrons. 

114. The conclusion to which we are led in § 107 is that a simple vortex-atom 
theory is not in a position to attempt to explain the law of the forcive between 
permanent magnets, if only for the reason that on such a theory no explanation of 
the inertia of matter has yet been developed. This difficulty is, however, not peculiar 
to the present special view of the electric field; any representation of a magnetic 
molecule, which assigns to it a purely cyclic motional constitution, is subject to an 
equal or greater difficulty in explaining why it is that the law of the forcive between 
magnets is the same as between currents, and not just the reverse. 

What is required in order to obtain a decisive positive result is, that the assump¬ 
tion of a purely cyclic character for the motions associated with permanent magnets 
shall be avoided by giving the elasticity of the medium some kind of grip on them. 
The movements of rotation and vibration of the simple vortices which constitute a 
vortex-aggregate are not competent to secure this, however sudden they may be, for 
in the irrotational fluid motion the constraint of the rotational elasticity has only to 
reduce a labile condition of the medium into a stable one; thus there is no sensible 
play of elastic energy introduced, such as would be required to explain induction in a 
steady magnetic field, 

1 
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One way of bringing abou t this desired interaction of magnetic with elastic energy, 
at the same time safeguarding the permanence of the atomic current, would be to 
make it a current of convection, i.e. to suppose the core of the vortex-ring to be made 
up of discrete electric nuclei or centres of radial twist in the medium. The circulation 
of these nuclei along the circuit of the core would constitute a vortex which can move 
about in the medium, without suffering any pressural reaction on the circulating nuclei 
Stich as might tend to break it up ; the hydrodynamic stability of the vortex, in fact, 
suffices to hold it together. But its strength is now subject to variation owing to 
elastic action, so that the motion is no longer purely cyclic. A magnetic atom, 
constructed after this type, would behave like an ordinary electric current in a non- 
dissipative circuit. It would for instance be subject to alteration of strength by 
induction when under the influence of other changing currents, and to recovery when 
that influence is removed ; in other words the Weberian explanation of diamagnetism 
would now hold good. 

The monad elements (§ 70 ) out of which a magnetic molecule of this kind is built 
up ai*e electric centres or nuclei of radial rotational strain. From what is known of 
molecular magnitudes, in connexion with electrochemical data, it would appear that 
to produce an intensity of magnetization of 1700 c.g.s., which is about the limit attain¬ 
able for iron, these monad charges—or electrons, as we may call them, after Dr. John¬ 
stone Stoney —must circulate very rapidly, in fact with velocities not many hundred 
times smaller than the velocity of radiation.* Even a single pair of electrons revolving 
round each other at such a rate as this would produce a practically perfect secular 
vortical circulation in the medium; so that a magnetic molecule may quite well be 
composed of a single positive or right-handed electron and a single negative or left- 
handed one revolving round each other in this manner. We may in fact rigorously 
apply to the present problem the principle used by Gauss for the discussion of 
secular effects in Physical Astronomy. Instead of proceeding by addition of the 
elementary effects produced by a planet as it moves from point to point of its orbit, 
Gauss pointed out that the secular results as distinguished from mere periodic 
alternations are the same as if the mass of the planet were supposed permanently 
distributed round its orbit so that the density at any point is inversely proportional 
to the velocity the planet would have when at that point. Just in the same way 
here, the steady flow of the medium, as distinguished from vibrational effects, is the 
same as if each electron were distributed round its circular orbit, thus forming effec¬ 
tively a vortex-ring, of which however the intensity is subject to variation owing to 
the action of other systems, t 

* Lot q bo the ionic charge, v its velocity, A the area of the orbit and l its length, n the number of 
atoms in 1 cub. centim.; then n.q/l.v. A = 1700. From electrochemical data we may take nq = 10 3 , 
and from molecular dimensions A/i = £.10 -8 ; whence v = 3.10 8 , which is of the order of about 
one hundredth of the velocity of radiation. This would make the periodic time come out about 10 times 
the period of luminous radiations. 

f It may be observed that for the case of a simple diad molecule, composed of two equal and opposite 
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This mode of representation would leave us with these electrons as the sole ultimate 
and unchanging singularities in the uniform all-pervading medium, and would build 
up the fluid circulations or vortices—now subject to temporary alterations of strength 
owing to induction—by means of them. 

115. It may be objected that a rapidly revolving system of electrons is effectively 
a vibrator, and would he subject to intense radiation of its energy. That however 
does not seem to be the case. We may on the contrary propound the general 
principle that whenever the motion of any dynamical system is determined by 
imposed conditions at its boundaries or elsewhere, which are of a steady character, 
a steady motion of the system will usually correspond, after the preliminary 
oscillations, if any, have disappeared by radiation or viscosity. A system of electrons 
moving steadily across the medium, or rotating steadily round a centre, would thus 
carry a steady configuration of strain along with it; and no radiation will be pro¬ 
pagated away except when this steady state of motion is disturbed. 

It is in fact easy to investigate the characteristics of this strain-configuration 
when the electric system is moving with constant velocity, say in the direction of the 
axis of x with velocity c. By § 97, the dynamical equations of the surrounding 
medium are 

(§,r^)(f,9.V = 0, 


referred to co-ordinates fixed in space. The equations determining the disturbance 
relative to the electric system are derived by changing the co-ordinate x to a new 
relative co-ordinate x', equal to x — ct; this leaves spacial differentiations unaltered, 
but changes djdt into djdt — cdjdx', thus giving 





In a steady motion the right-hand side of this equation would vanish; and the 
conditions of steady motion are thus determined by the solution of the ordinary 
potential equation for a uniaxial medium. The constants involved in the values of 
f g, h so determined are connected by the fact that at a boundary of the elastic 
medium the rotation (f g, h) must be directed along the normal. It follows at once 
for example that for a spherical nucleus * the rotation is everywhere radial. As the 


electrons rotating round each other in equal orbits, their secular effects just cancel each other, so that 
the molecule as a whole is non-magnetic. This exact cancelling will not however usually occur when 
there are more thau two electrons in the molecule, or when a number of molecules are bound together 
in a group as in the case of an iron magnet. Similar considerations also apply as regards the average 
electric moment of a molecule, which is in fact the electric moment of the GausBian secular equivalent 
above described. 

* J. J. Thomson, ‘Recent Researches . ../ 1893, pp. 16-22, where the existence of a superior limit 
(infra) to possible velocities was first pointed out: also Heaviside, * Phil. Mag./ 1889, e/. * Electrical 
Papers/ vol. 2, pp. 501 seqq, The problem of the dynamics of moving charges appeal^ to have been 
first attacked on Maxwkm/s theory by J. X Thomson, * Phil Mag./ 1881, 
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velocity of the electric system is taken greater and greater the permeability, in the 
direction of its motion, of the uniaxial medium of the analogy becomes less and less, 
and the field therefore becomes more and more concentrated in the equatoreal plane. 
When the velocity is nearly equal to that of radiation, the electric displacement 
forms a mere sheet on this plane, and the charge of the nucleus is concentrated on 
the inner edge of this sheet. The electro-kinetic energy of a current-system of this 
limiting type is infinite (§ 52), and so is the electrostatic energy; thus electric inertia 
increases indefinitely as this state is approached, so that the velocity of radiation is 
a superior limit which cannot be attained by the motion through the sether of any 
material system. 

Again, the steady electric field carried along with it by a system rotating about a 
fixed axis with angular velocity w is to be obtained by changing d/dt in the elastic 
equations into djdt — <a djd&, where 6' denotes relative azimuth around the axis; 
they therefore assume the form 

(** - i m)U *• *>■=». 

of which the solution would be difficult. And the equations of the relative steady 
field for the most general case of uniform combined translation and rotation of an 
electric system, supposed still of invariable shape,.are expressed in like maimer, by 
taking the central axis of the movement as the axis of x, in the form 



c" a?_ 

a 3 'lx' 1 


m 3 

a? d6'°- 



0 . 


The circuital character of (f,g,h) will allow us to reduce these three variables in 
cases of symmetry to a single stream-function, of which the slope along the normal at 
the surface of the nucleus must he null. 

Any deviation from this steadj r motion of a molecule, produced by disturbance, 
will result in radiation which will continue until the motion has again become steady. 
If we roughly illustrate by the phenomena of the Solar system, the mean circular 
orbits of the planets will represent the steady motion, while disturbances introduce 
planetary inequalities which would give rise to radiation of corresponding periods. 
An apparent obstacle to the application of this hypothesis to the theory of the 
spectrum is that such a steady motion is not unique, its periods depend on the energy 
of the system; but, from whatever cause, the chemical energy of a molecule (which 
is electric, therefore sethereal) has a definite value quite independent erf the amount of 
material kinetic energy that may be involved in its temperature and capacity for 
heat The periods of the vibrations would thus be fixed by the electric energy; while 
the prevailing character of the disturbances, which determines the relative intensities 
of the radiations, would depend on temperature. If there are lines in any spectrum 
which have this kind of origin, we should expect to find simple linear relations 
between the reciprocals of their periods or wave-lengths, as in the Planetary Theory. 

MDCOCXOJV.—A. 5 L 
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On the other hand the sharpness of the spectral lines shows that the waves in tihe 
»ther are absolutely simple harmonic, and this would point to atomic rather than 
molecular vibrations, were it nob that the molecule is so small compared with a wave* 
length and also the periods far too great for such an origin.* 

116. A difficulty has been felt as to how the centre of rotational strain* which 
represents an electron is possible without a discrete structure of the medium; the 
following explanations may therefore be pertinent. In the first place, it is essential 
to any simple elastic theory of the aether that the charge of an ion shall be repre¬ 
sented by some permanent state of strain of the aether, which is associated with the 
ion and carried along by it. Such a strain-configuration (in the light of what follows) 
can hardly be otherwise than symmetrical all round the ion; even if the nucleus be 
not itself symmetrical, this symmetry will be attained at a sufficient distance away 
from it. Now in an isotropic medium a steady configuration of strain of this kind 
must consist of a radial displacement such as we could imagine to be produced by an 
intrinsic pressure in the nucleus, or of a radial twist as above described, or it may 
combine the two. But for a great variety of reasons, electric and optical phenomena 
have no relation to any compression of the aether; therefore the notion of an intrinsic 
radial twist is the only representation that is available. An ideal process for the 
creation of such a twist-centre has already been described in § 51 for the case of the 
rotational aether. A filament of the aether ending at the nucleus is supposed to be 
removed, and the proper amount of circulatory motion is to be imparted to the walls 
of the channel so formed, at each point of its length, so as to produce throughout the 
medium the radial rotational strain that is to be associated with the electron ; when 
this has been accomplished the channel is to be filled up again with aether which is 
to be made continuous with its walls. On now removing the constraint from the 
walls of the channel, the circulation imposed on them will tend to undo itself, until 
the reaction against rotation of the aether with which the channel has been filled up 
balances that tendency, and an equilibrium state thus supervenes with intrinsic 
rotational strain symmetrically surrounding the nucleus. If on the other hand the 
tether had the properties of an elastic solid, and resisted shear but not rotation, the 
equations of bodily elasticity would remain just the same (§ 19); but the surfaces of 
shear of such a nucleus would he conical, with the channel by which the shear is 
introduced as their common axis, and when the constraint is removed the rotation 
imposed on the surface of this channel will undo itself and the shear thus all come 
out again, because the medium with which the channel is now filled up opposes no 
resistance to being rotated. Thus an elastic solid aether does not admit of any con¬ 
figuration of intrinsic strain such as would be required to represent an electric charge; 
and this forms an additional ground for limitation of that medium to a rotationally 
elastic structure. For an isotropic medium must be either elastic like a solid or fluid, 

* See G. Johnstone Stonet, “On the Cause of Double Lines and of Equidistant Satellites in the 
♦Spectra of Gases/’ * Trans. Roy. Dublin Sop./ 1891. 



the electric and LUMINIFEROUS MEDIUM, 811 

or rotation ally elastic, or it may combine these two properties; there is no* other 
alternative. 

As to the intrinsic nature of the rotational elasticity of the free rether, although it 
is an important corroboration of our faith in the possibility of such a medium to have 
Lord Kelvin’s gyrostatic scheme by which it might be theoretically built up out of 
ordinary matter, yet we ought not to infer that a rotational free aether is necessarily 
discrete or structural in its ultimate parts, instead of being a continuum. As a 
matter of history, the precisely similar argument has been applied to ordinary Bolids ; 
the fact that deformation induces stress has been taken, apparently with equal force, 
as evidence of molecular structure in any medium which exhibits ordinary elasticity. 
It is necessary to put some limit to these successive refinements; there must be a 
final type of medium which we accept as fundamental without further analysis of its 
properties of elasticity or inertia: and there seems to be no adequate reason why we 
should prefer for this medium the constitution of an elastic solid rather than a consti¬ 
tution which distortion does not affect,—perhaps there is just the reverse. 

117. The fluidity of the medium allows us to apply the methods of the dynamics 
of particles to the discussion of the motions through it of these electrons or strain- 
configurations, and their mutual influences. The potential energy of a system of 
moving electrons will be the energy of the strain in the medium; unless their 
velocities are appreciable compared with the velocity of radiation, this will be a 
function of their relative positions alone. The kinetic energy is that of the fluid 
circulation of the medium, which will under the same circumstances be a quadratic 
function of the velocity-components of the electrons, with coefficients which are 
functions of their relative positions. When however their velocities approach that of 
radiation the problem must be treated by the methods appropriate to a continuum, 
and cannot be formulated merely in terms of the positions of the electrons at the 
instant. It will suffice for the present to avoid the difficulties of the general case by 
supposing the velocities to be Bmall, and the strain-configuration of each electron 
therefore carried on unaltered by it; as the correction required depends on (cjaf it 
will possibly be negligible for any actual problem. 

Let us then consider a single electron represented by a charge e moving along the 
direction of the axis of x with velocity v. The components of rotation in the medium 
due to its presence are at any instant — e ( djdx , djdy, d/dz) r~ l , and those of the 
displacement current are derived from them by operating with the factor — v djdx. 
This displacement current is the curl of the velocity of the medium, whence it may 
be easily verified that this velocity is ev (0, — d/dz, d/dy) r~ l , being a circulation round 
the line of motion of the electron.+ The kinetic energy is thus £ (ev) s J(y* + z a ) r -6 dr; 

* Professor FitzGehald remarks that it might, conceivably, resist absolute linear displacement. A 
hypothesis of this sort, which is on a lower plane than those mentioned above, is in fact involved in the 
•nfma.1 expositions of Fresnel’s dynamics of double refraction. 

+ It is to be observed that we cannot expect to obtain an expression for the displacement in the 

5 L 2 
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which is equal to iirjZa.(ev)\ if the nucleus which bounds internally the strained 
medium is spherical and of radius a. The potential energy of elastic strain in the 
medium is, on the same supposition, by the ordinary electrostatic formula, £ (eVf/a, 
where V is the velooity of electric propagation. We assume that the nucleus of the 
electron has no other intrinsic inertia of its own, and no other potential energy of its 
own; under these circumstances its potential and kinetic energies will be of the 
same order of magnitude only when its velocity is comparable with that of radiation. 
In that case the present formulae are not applicable, exoept merely to indicate the 
orders of magnitude; but we can conclude that, in a steady molecular configuration 
of electrons, where there must be an increase of kinetic energy equal to the potential 
energy which has run down in their approach, the velocities of the constituent 
electrons must be comparable with that of radiation, just as the above estimate from 
magnetic data suggested. 

Suppose there are two electric systems in the field producing velocities (u, v, w) 
and (u, v’, w) respectively. The kinetic energy is now 

4H(tt*+ U J + (* + + (to + tdf} dr, 

of which the part that involves their mutual action is J(a«' -1- vv -f ww) dr. 
If the velocity («, v, w) belongs to an electron (e, v) as above, the mutual part 
of the kinetic energy is evj(— v d/dz -f tv' d/dy) r -1 dr, or on integration by parts 
— ev\(vn — w'm) r -1 dS — evj(dw‘ /dy — dv'/dz) r -1 dr, of which the former part is 
null when the external boundary is very distant. Thus the mutual electro-kinetic 
energy is — et>Jr -1 df’jdt dr, where /' is the component parallel to v of the electric 
displacement belonging to the other system. 

If the other system is also an electron (e', v) the total electro-kinetic energy is 

T = |L (ev) s + |L' (ev) 2 + M.ev. eV, 

where L, L' are as determined above, having the values Sir/3a, Snj3a when the 
nuclei are spherical, while M = r -1 cos (ds. ds') -J- £ d 2 rjds da', in which ds, ds' are in 
the directions of v, v, and r is the distance between the monads.* The potential 
energy is 

W = | A («V)* + i A' (e'Y) 8 + B . eV. e'V, 

where A and A' are as determined above, being the reciprocals of the radii when the 
nuclei are spherical, and B = r” 1 . The equations of motion of the two electrons may 

medium which is due to an electron; for the electron is part of the original constitution of the medium, 
and we cannot imagine it to be removed altogether. It may, however, be moved on into a new position, 
and we can then determine, as above, the displacement in the medium produced by this change of its 
locality. 

* The calculation of M is given concisely by H. Lamb, ‘ Proc. Loud. Math. Soo.,’ June 1883, p. 407 j 
the result is given by Hkavihide, ‘ Electrical Papers,’ vol. 2, p. 501. 
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Bow bo formed m the Lagrangian manner, and will hold good so long as the motions 
are fairly slow compared with radiation. 

The question however arises whether we should not associate with the electric 
inertia of an ion of this kind a much greater inertia of matter to which the ion 
belongs. When we trace as above the consequences of refraining from doing so, we 
arrive at the result that these free electrons can be projected by their mutual actions, 
with velocities which are a considerable fraction of that of radiation. Bearing in 
mind the phenomena of the Solar corona and of comets’ tails, and certain electric 
phenomena in vacuum tubes,* where some modification of the aether which affects 
light by reflexion and otherwise is projected with velocities of that order, there seems 
to be no reason for the summary exclusion of such an hypothesis as the present,t 
especially as an electrically neutral molecule could attain no such velocities, and would 
comport itself more like ordinary matter. 

118. The circumstances of steady motion may be illustrated by a calculation for 
the case of two electrons; the same method would clearly also apply to a greater 
number. The kinetic energy of two electrons e x and e 2 , whose co-ordinates are 
{x x y x 2 |) and (x 2 y 2 z 3 ), moving under their mutual influence, is, by § 117, 


T = ^L l e 1 3 (x* + yf + zf) 4 - $L 2 e 2 * {x 2 * + ?/ 3 2 -f z 3 2 ) + (2x x x 2 + y x y 2 + zfa), 


2r 


the axis of x being parallel to their mutual distance r. 

Let us take the case when they revolve steadily in the plane of xy with angular 
velocity <a round a common centre, at distances r v r 2 from it, where r x + r 2 = r. The 
kinetic reaction on e x resolved parallel to x is 


d dT dT T 9 " i d 

as, ~ ^ = h < e ‘ *>+ e ‘ e ‘ 


dt\rj 


V* 

2 t* 


cos 0 (2x x x. 2 + y x y 2 + z x z 2 ) 


in which 0, the angle between r and x, is null; while x x — (o\, x 2 = — w 2 r„ y y = <ar lt 
y 2 = — w r a . On equating this to the electrostatic attraction, we have 


Similarly 


Hence 


(— - e i e z-j + e i e z 

f « Va\ 

(^— L 2 6 2 V 2 — -jj- + e L e 2 ^ j 


w2 = e l e 2 -£• 

Y- 

= e l e £ ^ • 





e 2 r 2 , 


# Professor FitzGerald suggests the addition to this list of auroras and magnetic storms, 
f Professor J. J. Thomson informs me that he finds the velocity of the negative rays in vacuum tubes 

to be about 2 X10 7 c.g.a. 
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which determines the ratio of r 1 to r 2 in the steady motion; and then the value of ** 
gives the period of the rotation. 

For example when the electrons are equal and opposite e x — — <%, Lj ss Lj» and 
r x — r t : thus the square of the velocity of either, ($o>r) 8 , is equal to V 8 /(2Lr — ■§). 
For the case of a spherical nucleus of radius a,L — 8tr/3a; thus the velocity of either 
must be considerably less than -J-V, which is small enough to allow this method to 
approximately represent the facts for that case. 

It may be observed that in the general problem of the dynamics of a system of « 
electrons, the equations of conservation of momentum assume the forms 


dT 

dx\ 


+ 


dT . dT 

~p~ -f ... + ~r = const., 

d.v« (h H 


with similar equations in y and s. For the case of two electrons moving in the same 
line, the equations of energy and momentum determine the motion completely ; their 
forms illustrate the complexity of the electric inertia which is involved. 

119. In the general theory of electric phenomena it has not yet been necessary to 
pay prominent attention to the molecular actions which occur in the interiors of con¬ 
ductors carrying currents : it suffices to trace the energy in the surrounding medium, 
and deduce the forces acting on the conductors, considered as continuous bodies, from 
the manner in which this energy is transformed. The calculations just given suggest 
a more complete view, and ought to be consistent with it; instead of treating a 
conductor as a region effectively devoid of elasticity, we may conceive the ions of 
which it is composed as free to move independently, and thus able to ease off electric 
stress; the current will thus be produced by the convection of ionic charges. Now 
if all the atoms took part equally in this convection, their velocity would be exceed¬ 
ingly small; a current of i amperes per square centimetre would imply a velocity of 
about 10 -4 i centimetres per second. The kinetic energy of an ion due to intrinsic 
electric inertia is, according to the formula above, J 8ir/3a. (ev) 2 , where a is of order 
< 10 -8 , e of order 10 -21 ; this would imply as above a centrifugal electric force of 
intensity 8ir/3«.e.v 2 /R, which may be of order 10 -19 i\ acting on this particular ion 
when it is going round a curve of radius R. Now even if the conductor were of 
copper, the slope of potential along it would be, with this current intensity, as much 
as lC4t. The effects of the intrinsic electric inertia are therefore so far quite beyond 
the limit of observation. We have however been taking the electric drift v to be 
the only velocity of the ions or electrons. If they possess a velocity of their own in 
fortuitous directions of order V, the average centrifugal electric force on an electron 
due to the current will possibly be as high as 8ir/3a .e. vV/R, because change of sign 
of Y does not change the sign of the force. This would still hardly be detectable 
even if V were comparable with the velocity of radiation. 

But an electric force of a cognate kind has in fact already been looked for and 
detected by E. H. Hall. When the current is moving in a field of magnetic 
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&*®e H at right angles to itself, there mast; be an electric force at right angles to 
both, acting on each particular ion, of which the intensity is uEL* For example if 
U were 10® c.g.s., this electric force would be 10 3 v c.g.s. or 10 —8 v volts; in the rough 
estimates of the last paragraph it would be of order as compared with a slope 
of potential along the conductor of 164t; therefore it is quite amenable to observation, 
so that we must consider it more closely. As there are also an equal number of 
negative ions moving in the opposite direction, they must give rise to an opposite 
electric force acting on them; thus the total transverse electric force, as observed, 
will be reduced from the above value in the ratio (v 2 — v,) / (v 2 -f t>j), where v 2 and v x 
are the velocities of drift of the positive and negative ions, which may be different 
just as Kohl RAUSCH found them to be in ordinary electrolysis. The absolute 
velocity V of an ion does not affect the result in this case. This view would 
therefore make the sign of the Hall effect depend on whether positive or negative 
ions conveyed most of the current. 

120. The electromagnetic or mechanical forces acting on the conductors conveying 
the currents are on the other hand to be derived from the energy function, considered 
as potential after change of sign as in § 57, by the method of variations. For the 
reasons given above, the effect of the term 2£Le 2 , involving intrinsic electric inertia, 
is in the present problem inappreciable, except as giving a kind of internal gaseous 
pressure if the velocities of free electrons were comparable with that of radiation. 
The total electrokinetic energy is thus practically 

jJMtdsi'ds', where M = r~ l cos (ds, ds') + \d % r / ds ds' ; 

and on the present hypothesis the energy may be considered to be correctly localized 
in this formula. 

If the currents are uniform all along the linear conductors, the second term in M 
integrates to nothing when the circuits are complete, and we are thus left with the 
Amperr-Neumann expression for the total energy of the complete currents, from 
which the Amperean law of force may be derived in the known manner by the 
method of variations. But it must be observed that, as the localization of the energy 
is in that process neglected, the legitimate result is that the forcive of Ampere, 

# It is assumed here that all forces of electric origin acting on the moving atomic charges are 
primarily electric forces; in accordance with the previous theory (§ 57) it is only the part of the 
energy-change which cannot be compensated by electromotive work, that reveals itself ultimately as a 
forcive working mechanically on the aggregates which constitute conducting bodies, or as heat in case 
it is too fortuitously constituted to admit of transformation into a regular mechanical working forcive. 
This ultimate destiny is independent of any question as to the origin of the inertia of the atoms. Thus 
the steady and unlimited fall of the electric resistance of metals with lowering of the temperature, 
found by Dewar and Fleming, shows that the frittering away of electric energy into heat in a metallic 
conductor depends upon the velocity of fortuitous agitation of the molecules, and would disappear when 
it ceased. The regular transfer of the electrons would thus involve no degradation of electric energy 
(§ J15), except so far as it is disturbed and mixed up by the thermal agitations of the molecules of the 
conductors* In electrolytes the dependence of the degree of ionisation on the temperature may mask 
the direct effect of the thermal agitations. 
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together with internal stress as yet undetermined between contiguous parts of the 
conductors, constitute the total electromagnetic forcive : it would not be justifiable to 
calculate the circumstances of internal mechanical equilibrium from the Amperean 
forcive alone, unless the circuits are rigid. For example, if we suppose that the 
circuits are perfectly flexible, we may calculate the tension in each, in the manner of 
Lagrange, by introducing into the equation of variation the condition of inexten¬ 
sibility. We arrive at a tension where i is the current at the place 

considered ; whereas the tension as calculated from Ampere's formula for the forcive 
would in fact be constant, the forcive on each element of the conductor being wholly 
at right augles to it. 

The general case when the currents are not linear is also amenable to simple 
analysis. The energy associated with any linear element ids is icfafMiW; which is 
equal to ids multiplied by the component of the vector-potential of the currents in 
the direction of ds, when the conduction and convection currents move round 
complete circuits. Thus, changing our notation, the energy associated with a current 
(u, v, to) in an element of volume dr is (Fu -f- Gv + H w) dr. In this expression 
(F, G, H) is the vector-potential of the currents; if there is also magnetism in the 
field, there will be a part of this vector-potential due to it, which may be calculated 
from the equivalent Amperean currents. Thus for a single Amperean circuit, 
F = tjr -1 dx, which by Stokes’ theorem = i\(fidjdz — vdjdy) r -1 d8, where (X, fi, v) 
is the direction-vector of the element of area dS ; hence the magnetic part of the 
vector-potential is (Bd/dz — C d/dy, Cd/dx — A d/dz, Ad/dy — B d/dx) r~\ which 
agrees with the assumption in § 110. It will be observed that in the vector-potential 
of the field, as thus introduced, there is no indeterminateness ; it is defined by the 
expression for the energy, as above. 

We may complete this mode of expression of the energy by including the energy of 
the magnetism in the system due to the field in which it is situated. For a single 
Amperean atomic circuit it is i\(Fdx -f- Gdy + Hdz), which is by Stokes' theorem 
tj{\ (dHfdy — dG / dz) + cfl3 ; thus the energy of the magnets is 

J(Aa •+• B/8 + Cy) dr, where (a, ft, y) is the magnetic force due to the external 
field as usually defined; this follows from the formulae for (F, G, H) already obtained. 
There is also the intrinsic energy of the magnets due to their own field; by the well- 
known argument derived from the work done in their gradual aggregation, the 
co-ordinated part of this is ^ J(Aa 0 -f B# 0 + Cy 0 ) dr, where (a„, yS 0 , y 0 ) is the force of 
their own field. These terms will add on without modification to the other part of 
the electrokinetic energy for the purpose of forming dynamical equations, provided 
we assume as above that the magnetic motions are not of a purely cyclic character. 
This sketch will give an idea of how magnetism enters in a dynamical theory which 
starts from the single concept of electrons in movement. 

The energy being thus definitely localised, and all the functions precisely defined, 
we derive in the Lagrangiau manner the electric force 
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when SP is some function of position as yet undetermined, whose value is to be 
adjusted to satisfy the restriction to circuital flow which the present analysis for 
conduction and convection currents involves. The electrodynamic forcive acting on 
the conductors carrying the currents is 


(x, y, z) 


dF , dG , dK 

— i« — + v — 4* w 


dx 


dx 
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but this involves, in addition to the usually recognized forcives of Ampere's law and 
Faraday’s rule, a forcive in the direction ds of the resultant current V and equal to 
— T dN/ds, where N is the component of the vector-potential in the direction of ds. 
This additional forcive may be represented as balanced by a tension iN, in each' 
filament or tube of flow carrying a current i, just as above. The existence of this 
tension seems to admit of easy test by a suitable modification of Ampere’s third 
crucial experiment. 

It is now a simple matter to complete this theory, which at present applies to 
circuital convection and conduction currents, so as to include the effect of convection 
without this restriction. It will suffice to consider a uniform current i flowing in an 
open path, thus accumulating electrification at one end and removing it from the 
other end. The second term in M when integrated with respect to ds yields 


ids . £ % 


; thus in the energy of the element of ids there is a term ids.^ cos 8dr, 

where 0 is the angle between ds and the distance r of dr from it, and dp/dt is the rate 
of increase of the density of electrification at the element dr. Thus there is an addi¬ 
tional electric force — “ j dr, and an additional electromagnetic 

force £ , * ~if-*, dr, where (a?, y, z) have reference to the element dr 


as origin. These expressions are appropriate where, in place of following the convec¬ 
tion of single electrons, we contemplate the change of electric density at a point in 
space; they suffer from an apparent want of convergency, which would be real were 
it not that \p dr is null. 

121. It may be observed finally, that the question as to how far it is permissible to 
entertain the view that the non-electric properties of matter may also be deducible 
from a simple theory of free electrons in a rotationally fluid aether, has hardly here been 
touched upon. The original vortex-atom theory of matter has scarcely had a begin¬ 
ning made of its development, except in von Helmholtz’s fundamental discovery of 
the permanence of vortices, and the subsequent mathematical discussions respecting 
their stability. How far a theory like the present can take the place of or supplement 
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the vortex theory, is therefore a very indefinite question. In the absenoe of any such 
clue, a guiding principle in this discussion has been to clearly separate off the material 
energy involving motions of matter and heat, from the electric energy involving 
radiation and chemicid combination, whioh alone is in direct relation td the' jethen 
The precise relation of tangible matter, with its inertia and its gravitation, to the 
tether is unknown, being a question of the structure of molecules; but that does not 
prevent us from precisely explaining or correlating the effects which the overflow of 
sethereal energy will produce on matter in bulk, where alone they are Amenable to 
observation. , . , . 

Optical Dispersion; and Moving Media. 

122. The view of optical dispersion developed in the first part of this paper, on the 
basis of MacCullagh’s analysis, has its foundation in the discreteness of the medium, 
the dispersion being assigned to residual terms superposed on the average refraction. 
The cause of the refraction itself is found in the influence of the contained molecules, 
which are constituted in part at least of mobile electrons and so diminish the 
effective elasticity of the medium. Now if these molecules formed a web permeating 
the medium, with connexions of its own, this web would act as an additional support, 
and the optical elasticity would, if affected at all, be increased. But it is different if 
the molecules are so to say parasitic, that is if they are configurations of strain in the 
scther itself, and their energy is thus derived directly from the aether and not from an 
independent source. To more clearly define the effective elasticity in that case, let us 
suppose a uniform strain of the type'in question to be imparted to the medium by the 
aid of constraints; it follows from the linearity of the elastic relations that the stress 
involved in this superposed strain will be that corresponding to the elastic coefficient 
of the free aether, for there is by hypothesis no web involved with extraneous elasticity. 
Now suppose the constraints required to maintain this pure strain to be loosened; the 
molecules will readjust themselves into a new equilibrium position which involves less 
energy, and this diminution of the total energy of the strain implies a diminution of 
the corresponding effective elastic coefficient. This analysis has to do with the 
statical elasticity; in electrical terms it corresponds to the explanation of Faraday 
and Mobsotti as to how it is that the ratio of electric force to electric induction is 
diminished by the presence of polarized molecules. If, however, in a problem of 
vibration, the displacement of the medium involved in the molecules thus settling 
down into a new conformation of equilibrium, after the constraints are removed, is 
comparable with that involved in the original strain, the kinetic energy of the 
medium will be affected by the molecules as well as the strain energy, and the cir¬ 
cumstances of propagation will depend on the period of the waves. As the present 
theory involves altered effective elasticity but unaltered effective inertia, this 
dependence can be but slight; in other words the orientation of the molecule*, does 
not involve any considerable additional kinetic energy of displacement of tike medium 

i 
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in comparison with the work done by electrie forces ; just as was to be anticipated 
from §117, where it has been shown that to produce a comparable motional effect 
very great velocity of translation or rotation of the molecule is requisite, not the com¬ 
paratively small velodity of movement of the elements of the medium caused by a 
wave passing over % ' ' ' '• 

Thw amounts in fact to asserting that it is only the electric* inertia of the molecules 
that affects the eleetric Waves. Their materiel inertia is quite a different and secondary 
thing from the- inertia of the aether ;* on an electric theory it can have no direct 
influence on the radiation. . ■ 

It seems clear also that if the molecules, in their relations to the aether, behave sis 
systems of grouped electrons, their presence cannot disturb the fluidity of that 
medium, so that the foundation given above (§ 28) for MacCullagh’s dispersion 
theory remains valid. 

123. Let us contrast the merits of this view of dispersion with those of the type 
of theory in which it is ascribed to imbedded ponderable molecules. It has been 
shown,t that for an elastic-solid theory (or any theory treated by the method of 
rays, § 22) to give an account of the observed laws of reflexion at the surfaces of 
transparent media, the inertia may be supposed to vary from one medium to another, 
or else the rigidity, but not both. Thus, setting aside the latter alternative for 
other reasons, the molecules must, act simply as a load upon the vibrating aether; 
this requires that their free periods must be very long compared with the period of 
the waves, which is a very reasonable hypothesis. But if the optical rigidity is 
absolutely the same for all media, we are bound to explain not only the dispersion, 
but the whole refraction, by the influence of the inertia of the load of molecules; 
thus to explain dispersion we have to take refuge in Cauchy’s doctrine of simple 
discreteness of the medium. 

Now let us formulate the problem of wave-propagation in a discrete medium of 
this kind. It will be a great simplification to consider stationary vibrations instead 
of progressive undulations ; let us therefore combine two equal wave-trains travelling 
in opposite directions, and so obtain nodes and antinodes. We may imagine the 
continuity of the medium severed at two consecutive antinodes; thus the problem 
before us is to find the gravest free period of a block of the medium, forming half a 
wave-length, with its imbedded molecules. To represent in a simple manner the 
general features of this question, let us take Lagrange’s problem of the vibrations 
of a stretohed cord with n equidistant beads fixed on it. This will be a sufficient 
model of the case now in point, where the molecules act simply as a load; but if we 
are to consider possible influence of their free periods, so as to include anomalous 
dispersion as well as ordinary dispersion, we must also endow the bead^ of the model 

■ V,' ' 

* Of. Lord Kblvin, ‘Baltimore Lectures on Molecular Dynamics,’ 1884, Lecture ir. 
t Lord' RiYtitioH, ‘Phil. Mag.,’ Aug., 1871. 

5 M 2 
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with free periods, which may be done by imposing an elastic restoring force on each.* 
In this latter case however the difficulty of representing the nature and origin of tbs 
restoring force detracts very seriously from the efficiency and validity of this mode of 
representation. Fortunately the simpler and more definite case is all wo now 
require; when the mass is all concentrated in the beads, Lagrange finds that the 
velocity of propagation of a wave whose length contains n beads is Y 0 (fin ir/2 n + /it/2h.+ 
For the case of an ordinary light-wave there are about 10 8 molecules in a wave¬ 
length, so that the dispersion for an octave should by this formula be about 
fa (ir/2000) 3 of the velocity, which is enormously smaller than.the corresponding 
dispersion, usually about one per cent., of actual optical media. 

Thus we must conclude that, while the present form of MacCujxagh’s theory 
ascribes refraction to the defect of elastic reaction of the molecules, and dispersion to 
the influence of their free periods, so also the elastic-solid theory must ascribe refrac¬ 
tion to loading by the mass of the molecules, and dispersion to the influence of their 
free periods. In these respects the two theories run parallel, and there is tifot much 
to choose between them ; a model constructed on either basis would fairly represent 
the phenomena of dispersion. The latter ascribes the influence of the matter to 
nodules of mass, in the {ethereal, not by any means the material or gravitative 
sense, supposed distributed through the medium; the former finds its cause in the 
properties of the nudei of intrinsic strain, or electrons. On either view, Fresnel's 
laws of reflexion are a first approximation obtained by neglecting dispersion, and are 
as we know departed from by a medium which produces anomalous dispersion of 
the light, even for wave-lengths which suffer no sensible absorption4 


* Of. Lord Kelvin, ‘ Baltimore Lectures,’ 1884. 

t Lagrange, ‘Mec. Anal.’ iL, 6, § 30; Rayleigh, ‘Sound,’ § 120; Routh, ‘ Dynamics,’ vol. 2, § 402. 

J The most definite form which the Young-Sellmeier type of tboory has yet assumed is that of 
Lord Kelvin (‘Baltimore Lectures,’ 1884). The author begins with an illustrative molecule, con¬ 
sisting of a core of very high inertia joined by elastic connexions to a chain of outlying satellites of 
which the last only is in connexion with the aether. The core being thus practically unmoved, the 
whole system is so to speak anchored to it, and the mass of the core does not come into account. Such 
an illustration gives very vivid representations of absorption and fluorescence. After working out the 
formula for the index of refraction in the manner of Lagrange’s dynamics of linear systems, a trans¬ 
formation is suggested by consideration of the seros and infinities of the function representing the 
index, which gives a priori a result whose validity is far wider than any special illustration, in the form 


= 1 +%?l- 


l 


1 + 


Jin 


w- 


q * 3 

Ji ZZ v-,3 




where r is the period of the waves, * } , . . . are the free periods of the molecule, and the coefficients 

q 3 ... depend on the distribution of the energy of the steadily vibrating moleeale amongst these 
periods. On this theory the aether is not simply loaded by the molecule, but the coefficient ^ depends 
on the manner in which the molecule is anchored in space; the theory is accordingly in difficulties with 
regard to double refraction and reflexion {loc. oit., Lecture xvi.), of which the former is not a dispersional 
phenomenon. 

The analogous electric theory explained above, appears to be free from these difficulties. The 
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124. Hie analogy just mentioned suggests a fresh search for a purely dynamical 
explanation of Fresnel's formula for the influence of motion of the medium on the 
velocity of light, of which we bad previously to be content with an indirect demon¬ 
stration on the basis of the law of entropy. In the first place, we shall con¬ 
sider the usually received proof, * on the theory of a loaded mechanical aether. Let 
p be the density of the aether and p that of the load, and let 9 be the dis¬ 
placement of the medium; the equation of propagation for the medium at rest is 
(p + p') d*9jdft as k d 3 9/dx 2 ; the equation for a medium in which the load p is 
moving on with velocity v in the direction of propagation is 


p dt 3 




9 — K 


d~9 
cte* * 


We have clearly k/p = V 3 , ic/(p -j- p) = V 2 //x 2 , where Y is the velocity of propa¬ 
gation in free aether ; and on substituting 9 = A exp 2 irj\. i{x — Yj), we find for Y x 
the velocity of propagation in the moving medium the value Yp~ l + v (1 — ft -3 ), 
which is Fresnel’s expression. This explanation precisely fits in with our previous 
conclusion, that on a mechanical theory the matter must affect the inertia but 
not at all the elasticity of the medium, except as regards the dispersion; and con¬ 
versely, it may be used as independent evidence for that assumption. 

The treatment of the same problem on the theory of a rotational aether follows a 
rather different course. By the hypothesis, the electric displacement or strain due 
to orientation of the molecules may be treated as derived, by an equilibrium theory, 
from the inducing displacement which belongs to the waves and provides the stress 
by which they are propagated. That part 9. 2 of the electric displacement is in 
internal equilibrium at each instant with the displaced position of the molecules, and 
so furnishes no stress for the wave-propagation. The relation between and the 
total displacement 9 l + 9„ is that of electrostatics, + 9 3 — K^,, where K is the 
effective specific inductive capacity of the medium. The equation of propagation 
when the medium is at rest is p d* (9 y + 9 2 )/dt 2 = k d 2 9 1 /dx i ’, showing that the 


relation of the average disturbance of the molecule to the disturbance of the sethor is there introduced 
simply by menus of an. experimental number, the specific inductive capacity of the medium. The 
correlative mechanical hypothesis would require us, not to anchor a massive core of the molecule in space, 
bat to introduce a coefficient to express the ratio of the displacement of the molecule to the displacement 
of the medium on some appropriate kind of equilibrium theory, thus in fact to directly load the ssther, 
and refer only the variable part of dispersion to the free periods of the molecule; but such an idea would 
introduce all kinds of difficulties with respect to the kinetic theory of gases and material motions in 
general. In the electric theory these difficulties are evaded by the principle that the inertia of matter 
is different in kind from the inertia of ®ther; the one is subject to electromagnetic forcive, the other 
to electromotive forcive. 

The re pen t discovery of an upper limit beyond which radiations that can travel in a vacnum do not 
travel across air,’has an important bearing on the present subject. 

* Of. GlabMKOOK, “ On Optical Theories,” ‘ Brit. Assoc. Report,’ 1882. 
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velocity of the waves is {tc/Kpf, so that K = p*. The equation of propagation when 
the molecules are moving through the stationary sether with velocity v in the direction 
of the wave-motion, is 

n 

where =fc {pfi 1 ; ) as above. Thus, Yj being the velocity of the wave, and Y 
the velocity of. propagation in free sether, we have just as before 

Vi 2 + (V, — vf (p 2 — 1) = Y 2 , 

giving very approximately Vj = V/* -1 -f v (1 — p~ 2 ), which is Fresnel’s law. 

The exact expression for V x merely modifies the first term of Fresnel’s approxima¬ 
tion by a correction involving 1^(1 — p~ 2 ), which does not change sign with v ; thus 
in the application to Michelson’s second-order experiment there is no essential 
modification, and his negative result remains outside the scope of this analysis. 

125. An important corollary to the present theory is suggested and confirmed 
by the experiments of Rontgen on the convection of excited dielectrics, mentioned 
above (§ 60). When a material dielectric is moved across an electric field, each ion of 
the group which constitutes one of its molecules produces its own convection current, 
composed partly of change of electric displacement in the surrounding free aether, but 
completed and made circuital by the actual convection of the ionic charge itself 
When, as in Rontgen’s experiment, the configuration in space does not change by the 
motion, so that there is no displacement-current in the surrounding aether, it is easy 
to see that the total electromagnetic effect is the same as if the dielectric were 
magnetized to an intensity which is at each point the vector product of its velocity of 
movement and its electric moment per unit volume, the latter being (K — 1)/4 tt 
times the electric force at the place. We have just seen (§ 124) that this is in accord' 
with the optical aspect of convection of transparent matter. 

I have much pleasure in expressing my deep obligation to Professor G. F. FitzGerald 
for a very detailed and instructive criticism of this paper with which he has favoured 
me. I have been much guided by his comments in revising the paper, and would 
have made still more use of them but for the length to which it had already run. I 
need hardly state however that he is not to be held responsible for any of the views 
herein expressed. 

My best thanks are also due to Mr. A. E. H. Love for a criticism at an earlier 
stage, from which I derived much advantage. 


d d\\ ' # 5 , 

3t +v Si) 3 > = K d?’, 
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* i * 

Introduction. 

The object of the following paper is to examine how far the hypothesis of a thiq 
layer of transition between two transparent media will explain in detail the phenomena 
connected with the elliptic polarization produced by reflection at the boundary of two 
such media. 

This problem has been approached by the following writers:—L. Lorenz, 

‘ Poqgendorff Annalen,’ 114, p. 460; Van Ryn van Alkemaade, ‘Wiedemann 
Annalen,’ 20, p. 23 ; and P. Drude, * Wiedemann Annalen,’ 34 and 36. 

Lorenz starts oil the basis of the elastic solid theory, assuming that Fresnel’s 
formula? hold for a very small change of refractive index, and deduces expressions 
holding for a finite change of refrangibility, which are slight modifications of Fresnel’s 
formula?, and clearly unsound, since a rigid elastic solid theory must lead to Green’s 
formulae, and not to Fresnel’s, as a first approximation*. Fresnel’s formulae ought 
not without examination to be assumed to hold even for a very small change of 
refractive index, for the rate of change of refrangibility in crossing the ’ boundary 
must be very rapid in order to produce a finite change, in a distance of the order of a 
wave-length. 

Van Ryn van Alkemaade treats only of the electromagnetic theoiy of light— 
by successive approximation. His expressions for the change of phase are the-same 
as in the following paper, namely (with notation changed from his), 

tan (pJL) = 2 Sp 0 cos 4 .— ^ ^ an( j tan (pi I) = 2 Sp 0 cos i 0 ~~ ~~; 

Mi — Mo Mi ~ Mo" 

but tor the amplitudes he gets 




(Rll) 3 = 


sin 2 (ip - i i) 
sin 2 (i 0 + i{) 


[1 + tan 3 (pi I)], 


28.12.94 
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which are incomplete, taking no account of other terms of the same order involving 
B —• C (see p. 849, seq.). 

P. Drude treats the subject from the standpoint of Voigt’s elastic solid theory, 
and obtains analogous formulae. He uses Kirohhoff’s boundary conditions, and since 
these are at best hypothetical, his method is not perfectly satisfactory. 

In the following paper the employment of more or less hypothetical boundary 
conditions is avoided by supposing the medium continuous, the transition taking place 
in a variable layer of small but finite thickness, and solutions of the equations of 
vibration are obtained in ascending powers of the thickness, which expressions are at 


least as convergent as the geometric progression whose ratio is (~j~ fij , where d 


is 


the thickness of the variable layer, Jl is the greatest value of the refractive index 
occurring in it, and X is the wave-length of light. Expressions are then found for 
the intensities and phases of the reflected and refracted light, taking into account 
terms of order d % . 

The consequences are examined both of a rigid elastic solid theory, which includes 
the theories of Voigt and K. Pearson, and of the electromagnetic theory and 
Lord Kelvin’s contractile ether theory, which lead to the same result. 

The elastic solid theory gives modifications of Green’s expressions, even when the 
refractive index of the pressural wave differs from that of light, and cannot be made 
to agree with experiment. 

The electromagnetic and contractile ether theories lead to Cauchy's type of 
expression, the ellipticity being variable, and these agree very well with experiment. 


§ 1. General Equations of Vibration. 


It will be well briefly to recapitulate the systems of equations which have been 
proposed to represent the periodic disturbances to which light is due. 

Electromagnetic Theory .—Let Ce~ lpt , Xe“**, vt~ Kft represent the 

components of electric and magnetic force Tor a periodic disturbance at the point (xyz) 
of the medium, where its specific inductive capacity is K —the real parts of the 
complex expressions being taken in the usual way. Also let the velocity of propaga¬ 
tion of electromagnetic disturbance in vacuo be 1 /A. Then the equations of vibration 
are 


A ip. X = 


Of dv 

c)y dz 


A.p.Kf=|- 


dv 

di/ 


(and two similar pairs), 


whence 


|r (i - lr) + & (§ - &) + ASK ^= 0 < on< > two othf,M ) • • ( L > 


These are given by Hertz (“ Ueber die Grundgleichungen der Elektrodynamik,” 
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* WlED. Ann./ 40), as according with experiment for heterogeneous media in the 
absenoe of free electricity. 

But following Lord Rayleigh (“ Electromagnetic Theory of Light,” ‘ Phil. Mag./ 
1881), I have put the magnetic permeability = 1 in Hertz’s equations, so as to 
make them give results agreeing with experiments on reflection of light and on the 
scattering of light by small particles. There are also electrical experiments to justify 
this course, due to Hertz, and showing that the phenomena of, at any rate, quick 
vibrations, are independent of the magnetic permeability of the medium. 

Elastic Solid Theory. —Let we~ l P‘ represent components of displace¬ 

ment at the point (xyz) of the medium, where the effective density is p, the rigidity 
is n, and the bulk-modulus is k. Following Lord Rayleigh (“ On the Scattering of 
Light by Small Particles," ‘Phil. Mag.,’ 1871), we shall suppose n the same in all 
bodies, and therefore constant throughout the variable medium considered. Then 
the equations of vibration in Lamp’s form are 


!{«*.+*<+!+£ 


, 9 / 3 u 

n ty W 


dv 

da. 


+"? 


d /du 


dz 


+ pp 2 u = 0 (and two others) 


dw \ 
dx ) 

. . (II.). 


These equations include the results of the more general theories of Voigt and of 
K. Pearson. 

Voigt (“Theorie des Lichtes fur durchsichtige Medien,” ‘ Wied. Ann.,’ 19, p. 873) 
neglects the first pressural term, and replaces n, pp 2 respectively by e + a- a'p 2 and 
(m-\-r) p 2 — n, that is, makes the effective density and rigidity depend on the period. 

K. Pearson (“Generalized Equations of Elasticity,” ‘Proc. Lond. Math. Soc.\ 
vol. 20, p. 291) replaces &+$n, n, and pp 2 by \ + 2p + (\'+2p')p 2 , p + (p + \y)p 2 , 
and by (p — k) p 2 . 

Thus, in the general case, k, n, p are functions of the period. 

There are two principal forms of elastic solid theory— 

First. — Green’s Theory —which attempts to get rid of the longitudinal (pressural) 
waves by a kind of total reflection at all but very small angles of incidence, whilst at 
nearly normal incidence their effect is inappreciable owing to the smallness of the 
normal component. 


The bulk-modulus k is made very large, the expansion + vg is very small, 


the pressure is finite—it is not necessary that k be greater than lOOw to make the 
effect of the longitudinal wave inappreciable. (Glazebrook, * B.A. Report on Optics,’ 
1885, p. 192.) _ 

Secondly. —Lord Kelvin’s Contractile Ether Theory—k + is made zero, so that 

the longitudinal wave is not propagated from any place where it may arise. Putting 
zero for k- ffn in equations (II.), they become of exactly the same form as 
MDOCOXCIV.—A. 5 N 
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equations (I.) for the electromagnetic theory. These two theories will, therefore, he 
considered together. 

We shall suppose the medium in which the disturbances take place to be perfectly 
continuous, though its qualities may vary from place to place. It follows that 
i, r), £, u, v, w must be continuous functions of (xyz), as well as their first differential 
coefficients, and this condition must replace boundary conditions at plaoes where the 
nature of the medium changes, however rapidly it may do so. 


§ 2. Waves in a Variable Layer between two Media. 


For our purpose it is only necessary to consider the very special case when the 
heterogeneous medium is arranged in plane layers, perpendicular to Ox suppose, and 
we shall further suppose the variable portion to be a thin layer separating two media 
of different but constant quality, into each of which the layer passes continuously. 

We shall suppose plane waves incident in the first medium, which will give rise to 
plane reflected and refracted waves. Take Oz perpendicular to the plane of incidence ; 
then O y will be parallel to the intersections of the plane of incidence with the plane 
layers, and since the traces of all the waves on the plane layers must move along these 
layers at the same rate, the coefficient of y must be the same in the expressions for 
the different waves. 

Let now X be the wave-length in vacuo of the light c~ ipt , y. its refractive index from 
vacuum into the variable layer, y, 0 , y. x the values for the two media on either side. 

4r77*^ » • 

Then we have (or A 2 Kp 2 ) = -jy ft 2 . If i be the angle the wave-normal makes with 


2nr 

Ox, the coefficient of y in the expression of the wave will be — y. sin i, which, 

A 

2tt 

being everywhere the same, we shall write —v. 

• -j- 

Also write —= ra 2 , so that the velocity of the pressural wave is m times that 
of the transverse wave. 

By what has been said above, y, m are functions of x only. 

And the displacements, &c., are independent of z, and proportional to e‘ 


First medium. 

This is of constant quality (fi 0 , m 0 ) and extends from x = — oo tox = 0; the 
equations (II.) become 


W 0 a 

m 0 s 


9 / du 
dx \9a 

9 / du 
3 y \9a: ' 



X* 


Hi? • — 0 


4^ 

X s 


. fx*. v = 0 


•N 

Vibrations parallel to plane 
of incidence. 

•/ 



M». a A, SCHOTT OH THE REFLECTION AND REFRACTION OF LIGHT. 827 

0 $gp ^9^ 4 ‘ 3 T^ 

3 W* \T * /V- w = 0 Vibrations perpendicular to plane of incidence. 

These are satisfied by 

( * • 001 b) . 2ir^OO« ^ 2*Mo*o \ / 2wv \ 

— smtQ.e 1 a •*-4-rsmi 0 . e“‘ * Ulr'-f) 


v = 


2»MoOOito 

cos t 0 . e* * * -j- r 


. 2 '/*.e«io r , ... \ / ®*rv \ 

’ cos i 0 . * * * + ir'sin i 0 .e » ' . e‘nr»-W 


w = + rtT^ir** J, 


Here the first term represents an incident wave, the second the reflected, and the 
third a pressural wave, which last travels along the boundary a? = 0, and rapidly 
diminishes away from that boundary. 

i 0 is the angle of incidence; a 0 is a constant which is found to be + /\J ^sin 2 i 0 — ~A 

r, r are complex constants Re*, Re*'; R, R' are the amplitudes, p, p the retarda¬ 
tions of phase, of the reflected and pressural waves. 

The pressure is proportional to m 0 2 (^~ + (ir*- > H ) 5 

thus r vanishes for the electromagnetic theory and for Lord Kelvin's theory, for 
which m 0 vanishes. 

Second Medium. 

This is of constant quality (p { , »»,) and extends from x — d to x = oo; the 
equations (II.) are 


Vibrations parallel to plaue of 
incidence. 


* dx\te + ty) + 

1 dy \3k ^ By/ 


3v\ 

4tt 2 

dx) 

+ - X T 

9»\ 

4tt 2 

dx] 

, + u 


^ + |^5 + -j-. p* .tv — 0 Vibrations perpendicular to plane of incidence. 
They are satisfied by 

« = - (.Bin + S '«,.(¥-») 

v — J) + i s' sin i t . t 


5 N 2 
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The first term represents the refracted wave, the second the pressural wave, which 
only exists close to the boundary x — d. 

i x is the angle of refraction, which obeys Snell’s law, y. x sin i x = v = fi 0 sin 


a x is a constant found to be + 



s, s' are complex constants Se‘ ff , SV"'; S, S' are the amplitudes, <r, cr' the retardations 
of phase, of the refracted and pressural waves. 

The pressure is proportional to 




The signs of R, S are chosen so that at normal incidence v shall be + for each 
wave, as shown in the figure, when the signs of R, S are +. 


Variable Layer. 



It extends from x — 0 to x — d and is continuous with the media bounding it. 
The displacements and their first differential coefficients with respect to x must have 
the same values at the boundaries in the variable layer and in the media beyond, 
giving in all twelve boundary conditions, six of which determine the motion in the 
variable layer, and the remaining six determine the constants r, r, s, s’ for vibrations 
parallel and perpendicular to the plane of incidence. 

We may write the displacements in the form u. e‘ v * ’; write also 


m 


fdu , av \ 

la* + a y) 


2 7T 


n.€ ( 




then u .. II are functions of x alone, and II is proportional to the pressure, which 
vanishes for those theories which make m zero. ^ 

The equations (II.) become 


— i 


2tt _ <rn 

X dx 

4^ 

X s 


— i 


2ttv dv 4ir a . „ ... . 

+ KF — **) u ss 0 


X dx 


vii — t 


2wv du . dH . 47T 3 


dx dx 1 


X 3 


• \i ?. v = 0 


m 4 


du 

dx 


+ * 


27 TV \ , 27T 

T -»j + T .n = 0 


Vibrations parallel to plane 
of incidence. 
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da? + "^T * ~ ■ w = 0 Vibrations perpendicular to plane of incidence. 


We shall choose u, v, n, w, so that, when x = 0, u = w 0 , v = v 0 , II = n 0 , 
w = w 0 , and when x = d, v = v u w = w v where 

u 0 SS- sin i 0 (1 — r) •+•«</, = cos i 0 (l+rj + i sin i 0 . r, n 0 = /*</, w 0 = 1 + r, 

Vj = cos . s -f- l sin . s', w v = s. 


The six conditions determining r, r .., will be 
When x = 0, — — t {cos s » 0 . (1 — r) + *o sin *o • r l» 


dw 

dx 


t ops i 0 ^ ^ 


When x—d: 


u = — (sin ij. s -f eqs'), iii = fxjs', 


2wyt 1 . „ . . . ,, 

5* = ‘' i cos n- s ““ a i 8111 h- 8 }> 


dw _ 2irfii cos t, 

dac A. 


s. 


§ 3. Determination of the Displacements for the Variable Layer. 

It is in general impossible to solve the equations in finite terms; in the physical 
problem the transition layer may be considered thin even in comparison with the 
wave-length, and the equations can be solved in very convergent series, proceeding in 
ascending powers of some small quantity depending on the thickness of the variable 
layer. This quantity we shall take to be 8 = 2n d/k. Putting also £ for x/d, the 
value of £ will lie between 0 and 1; and the equations become 


f+ - 

— ihv ~ — i8 8 . vll + 8 2 /A> = 0 

w 8 ^- + iSm 8 !/. v + 8n ss 0 


> 


Vibrations parallel to plane of 
incidence.(III.), 


d?w 

dj* 


+ &. (n* — i/)u> = 0 Vibrations perpendicular to plane of incidence (IV.), 


and when £ = 0, u = « 0 , v =s v 0 , n = n 0 , w - w 0 ; and when £ = 1, v = v u w — w v 
It will be necessary to treat separately the cases of the electromagnetic and 
contractile ether theories on the one hand, for which m, n are zero, and of the 
elastic solid theory on the other hand, for which m is very large and II is finite. In 
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this latter case we shall neglect 1/m 8 in the small terms, which are themselves only 
corrections due to the finite, though small, thickness of the transition layer. 

Vibrations perpendicular to the plane of incidence {all theories). 

The equation to be solved is (IV.), p. 829, vis.:— cPwJdj? -j- 8 9 . (ft 9 — v 9 ) t» ss 0, 
with the conditions that when £ = 0, w — w 0 , when £ — 1, w = w v 

Put w = ufi + 8V 1 + . . . , where cPufl/dg* — 0, dPu^/di* + (ft* — v*) vfl =s 0,.. . 
and when £ = 0, vfi = m>o» tv 1 — . — 0, when £ — 1, ufi — w lt tv 1 — ... — 0. 

These give 

vP=w 0 {l — £) + w v £, U> 1 = — [*(/t 9 — v*)uP.{£— ridy + j-.i (n* — ifi)uP.(l—r))dri,. . . 

JQ JO 

whence 

duPjdd^—WQ+Wv dw 1 jd£= — j^(ft 2 —^(f* 3 —v 9 ).«^.(l — 7j)c^, . . . 

Let a bar - written over a quantity denote its greatest numerical value between 
£ = 0 and £ = 1, e.g., ft the maximum refractive index. 
vP 1 ) is given by dv/^/d£ — 0, or by 

[V ~ 1 -v)<k= (V - **) id'-V.dt). 

Jo Jo 

Hence v/-"> — f (ft 2 — v 2 ) . r/ dy where £ lies between 0 and 1, and therefore 

J o 

(/a 8 — v 2 ). Now v 2 = p, 0 s sin 2 t 0 < /u 0 2 < f?, and therefore (ft 2 — v 2 )</x 2 , 

__ _ _ _ _ _ owO 

and m/W<£ ft 2 .w;(” _1 ). It follows that < u>°. {1 + £S 2 .ft® + i8*.ft 4 -f • • •} < 
which is finite as long as 8 < \f — t or — < — ■ —= . We shall neglect powers of 8 

* fi \ 4*oo. fit 

above the second, so that we may write w = to 0 -f- 8*. m 1 . 

Then dvfijd£ = w 1 — tv 0 . 

— w 0 .i (ft 2 — *»)(1 — ^) 2 c^ + f (ft 2 — v 2 )^ (1 - v) dn 

JO JQ 

= ***> {)/*•(* “ — y} + W i{f/ 2,T ?( 1 -y)<h- y}- 

= “* w°.{( o ^ S ^ (! - y)<h- ^-} *— w,. — * 





(V.). 
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« 

Hence 

(H = - [l ~ S s . { f 0 M 8 (1 - v)* <h) ~V jl 

+ w i*[ 1 + S®. {^ o /4 s .-7(1 — r))ch) 

(^)i = ” W °' [* + {I/*’’ ^ “ V ^ dv ~ ^ 8 }] 

+ «v£l — S*. jjVyefy — 

Vibrations 'parallel to plane of incidence (Electromagnetic and Contractile Ether 
Theories). 

The equations to be solved are (III.), p. 829, with m, II zero, viz., 

u.*-S(/-^)« = 0 , •£_.&'£+ 8 V» = 0 , 


d( 

whence eliminating u 


d£ 




df \A 


with the conditions that when £ = 0, v = v 0 , and when £ = 1, v = Vj. 

Put v = v° + 8V + • • • where 

A/ = 0 A/ .a* 8 _ v 

d£ V - v* d£,f U ’ d£\^-v 3 d£j * V> ■ • * 

and when f = 0, v° = v 0 , v’ = .. = 0, when £ = 1, v° = iq, v = .. = 0. 

Write 

so that ir(f) increases as long as v 8 < ft, 3 and maximum of v < 1. We have at once 
n ir(l) — ir(£) ir(£) 

''=*’» mi r +, w 

*'= - \y-1 *(()—»(’»))••'<*»+[ i*’ {"-(i) - "WJ »o<*7. • ■ • 

whence 

(I? dtp V 1 — v 0 ft 3 dv* 9 n T I f 1 9 w(l) — ir(v) n i 

,“ ~ 1 • -J= = » ~~ • -jr = — /i, 8 . v°. cfy 4- ft®. : ■■ ■ • #. cfo,... 

fi* — tPd£ w(l) n 3 — tPd£ J 0 ' Jo tt(1) " 

with the same notation as before 

t*(") r= f pPirfa). dtf, 0 < £ < 1, 

Jo 
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hence 

« w < t?. irt*" 1 ), and v < v°. {I -f 8®fi 8 + 8 4 £ 4 + ...}< 
which is finite as long as 

55 1 (* ^ 1 

8 < -=- or — < —• 
fi X 6 Jo ./a 

As before we neglect S 4 and higher powers, and find 

/dv°\ cos 2 i 0 , . f difi\ cos 2 i, . . 

UL = M " 1 “ "»>• fei, = ?(C <”■ 

• • « # 4 2 «—• 

since p = a sin i, and thus -—-— = cos 3 i. 

v- 

!/* *'<!) “ *<*>* 

— {• 7 r°(l) O p[ V °l 0 /A3, MO “ v (v)1*- dv + v i f o M 2 * Ml) — «■(■*?)} ^ (r?) 


/dv'\ 

UA=i~ 

— 

cos 2 ^ r 1 , 

•w(l) Jo^ 

3 tt (t)). v°. d-q 




= 

— 

cos 2 i r 

Mi)} 2 1 

J m 2 - MO — 

JO 

ir(r))} it 

(v) dr) -f 

®i f fi* 

JO 

Hence 








*Tt i <2 

II 

o 

II 

— 

COS 2 in 

\i- S2 | 

L »d)! 

0* 

• { 7r (1) - 

■»«} *<*>] 


+ 

COS 2 in 

(1) 

[ 1+ M 

!/• 

MO- 

M 2 ?)} W 


(%L- 

— 

cos 2 L 


l>* 

Ml) - 

^ ('*?)} » 

(v) dr t f J 


+ 

cos 2 i, 1 

^(1)^1 

>-/«J 

>• 

. {tt (i?)} 3 

<fy] 



(VI.) 


Vibrations parallel to the plane of incidence (Elastic Solid Theory). 

The equations to be solved are (III.), p. 829, adding the third multiplied by tdv 
to the second for a new second,— 

df “'dj ~ ~ *'*)“ — °* ^ — .SV + $ a . fa.* — v 1 ) v = o, 

f f + *., + 85 = 0, 
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with the conditions that when f=0, u = u, > Vss % n *= n u , and when £ = l 
vss *i- 

Put us* u° + $u' -j- SV'+.., v=v 0 -j- Sv + 8V'+.., n=n 0 4- Sn' 4- s 9 !!" -j-.. 

where 1 ’ * ’ 


du° 

— n 




dW 

= 0, 

df 





d£* 

du' 

di 

-j- tw° -f- 

m 

m? ‘ 

= 0, 


dhf 

d? 

= 0, 

dn" 

d* 

4* tw' + 

IT 

Ml 2 

= 0, 


d*v" 

d\f 

— tv ^ 




dW 

+ 

dv° 





~d£ 

IV ~ — 

d? 

o, 




dn' 


’ dv' 

(ft 9 - 




dt 

+ 

IP - ... 



A 

dn" 

+ 

dv" 

(/* 2 - 




df 

LV - mmm 

d£ 


1 \ 


m 


\) n° + fa* - v 2 ) t/> = o, 


and when £ = 0, w° = m 0 , v° = v 0 , n° = n 0 , u = v' = n' 
v° = v lt v = .. = 0. 

We have at once 


== 0, when £= 1, 


«<> = u 0 , = t> 0 (i - £) + Vl £ n° = n 0 - iv. ( Vl - Vo ) £ 

/ f* rf n° 

“=-"')/• *> - = - “-’’of (1 - if) - 4». 

+ -(>-,--o)0</,-n o 0. 


v' = 0. 


n ' = f>‘ - -V"*? = <V {£*’*, - »»f}. 

,// _ f* rnvd v rtw , 

= ~ .#.(f — Tj) rfT, 

~ ** •■ fX 1 - J ?) m - 0 - l)<*I + ( f>* ■- <-*)*>• (1 - ,) dr,. 

U" s - ivu" + j' (ft 9 - V s ) u d v . 


In the same way as before denoting maximum value of v by v ... we have, 
MDOOCXCIV.—A. 5 O 
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«(") < 4 (n (— l Vm*), fiw < 4- (/x® — v 2 ) . w^- 1 ), 

®<»> < i vff("- s ) + £ {p — y*) . oi>“®), 

and since t> < v° -f 8v' + . . . 

« < « 0 + y8v -f- S. (l/w 5 ). n, v < v° + 8®n 4 £(/x* — P). 8®, v, 

n < w'4 8.(iF^).u, 

or if 0 < e < 1, 0 < e' < 1, 

w. {1 — 8®.(fi s — v®)} — vS.v. {] 4 (l/w?)} = e«o» 

— £v8®. u (/x® — v 4 ) 4 v. (1 — £jix®. 8®} =s e^°, 

whence 

-_ cm 0 .(1 — -J-Sy 3 ) + e\v°.vB. {1 + (1/m 3 )} 

u ~ {i-'«*."(> -1/ 3 )} {i -isvi -\ V \¥.(i + (T ' 

and this is finite, and so also are v, n, as long as the denominator does not vanish. 
Writing this denominator in the form (1 — 4*8®) (1 — 488®), we have 

<*4/3=2 Q? — v 1 ) 4 p,®, a/3 = £ (/x® — k®) {/x 2 — v® — i<®/«?}. 


Now m is large, at least 10, and /x® — v 2 is at least /*<,® cos® » 0 , hence /S is 4 or 
very small negative, in which latter case — v® is small; thus, a, the larger of the 

two, < 3/x®. Hence m, v, n are finite as long as 8 < \f ^- 2 or ~ < - —= • 

» OJJT \ 7*00 X fJL 

We shall, as before, neglect 8* . . but it will be necessary to go to order 8® 

in — in order that the result should be correct to 8®; we shall also neglect ■— when 

multiplied by 8®, since m® is about 100 (*B. A. Rep.,’ 1885, p. 192). 

We have 


u° — u 0 

(“')*-> = ~ + V l)+ "'fa ~ v o) “ n o0 

(w") { „ j = — j ~ dij = 0, u" being multiplied by 8® 

(n 0 ) f «! = n 0 - xv — v 0 ) 

(nOt-i = «o- {J^ 8 ^ ~ 
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(n"),., = j o - **) w d v =z- uv 0 fa* _ »*) v (i _ dri - ^ 

= “^0 . {i* 8 - J* A (1 - iv) dr,) + 4^ jiv 3 — 
neglecting the terms in u' involving — 2 • 


(: 


'dtP\ 


\*tl 


£ « 0 


(diP\ 

Vl % ULr , ’ l ~ v » 


/ <foA _ /diA 

Wf / { «= o * = I 


"S') 110 -* 1 — ’9) + ( 0 — V s ) <^>.(1 ->;)*, 

= “ (,(* ~ i>) S n » - •» (”l ~ »p) *?) (1 - >?) <% 

+ f Q ((** — — >») + «V)Hl — ij) dij 

= %{fV<i -,)». d, - i ^ - v«f‘ 

+ «. (1 - ,) d, - i ^ + ,* f‘ tfl. 

W£/»-i ” “'•JoV ~ ^) n ~ J 0 ^ S ” ^) v °-V d V 

= l " f 0 1 1 “ i*) £ n ° “ lv ^ ~ v o)v] yd v - £ - V 2 ) K (I - 7?) + v lV ] v dr, 

= - {1 (1 - ’) d7 > + 1 ■'* - *■* { ^} 

-* ir.'** v ^r. v 5 }+-v {i - c^} 

= — ‘>^0 | 0 |{ 0 ^ — v 9 rj j (1 — r,) dr, 

= - i «'“o>{j o ^M 1 ~ i ?) 2 ^ ~ i v 3 J, neglecting 

(if),., “ *^} * dr > = * {f/M 1 “ ^ ^ ~ * V “}' 
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Thus, we have finally 

( u )e -1 = «o - £** 8 (v 9 + ®i) + » 8 («i — v o) £ - Sn o£5 

= n 0 + — S 5 .|£/4 2 ij(1 — i 1 '®}] 

— ivtij j\ + £ S 3 |£/*V dy — \ + H {£ z 4 ® — **]■ 

= - v °-[i “ s *- {fV ( l “ ^ dy i - i ^}] 

+ Vj J^l 4- 8®. |£/4 ®t? (! — r))di) — | v®|J — £ wll 0 .8® 

- 3,.[j; A *»-»* + »•£\;r] + u. 8n„ [i - 0] 

+. a> 8®M 0 . f£ /*®. (1 — rf) dr) — | v % J 


1 f [dv \ /<fo \ 

& lW/f»l W/f 


(VII). 


§ 4. Summai'y. 

The conditions determining r, r, . . . are 
Vibrations perpendicular to plane of incidence, when 

. dw *2iriin . . , , dto 2ir/i, 

x — 0, ~r~ — l cos 4 0 (1 — r), when x — a, — i cos 4 .. s. 

dx \ u ' n dx \ 1 


Vibrations parallel to plane of incidence 
Electromagnetic Theory, when 

dv 2truin a • /, \ i 7 dv 2 tt « • 

x = 0, — = i —cos® 4 0 (1 — r), when x — a, ^ = i -j—■ cos* 4 X . 

Elastic Solid Theory, when 

x — 0 , ^ = i ^ {cos® 4 0 (I — r) 4 - a 0 sin i 0 .r'} ; 


when 


x — d, ~ — 1{cos® ij.s — a a sin ijs'}, m = — (sin i r i 4" = f 4 !® * 
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Write 


A ^ 1 \ d / dx ’ B = i fV* 2 c = jV (c* - x)dx, 

D== E= x ) dx > ^ ^ (d - xf dx, 


/ \ 1 [*M* 

'W=t1 - 


dx = 


y 2 f* ffo 


r* <fo? 

1 o J 

Jo M 


d ] q ft? d d j 0 fi 

1 /v*r* /V a » 2 


p If ^ ^ 

^ U 3) 

1 = y | o (* s b(^)-ff(«)} da;, K = ~-f% 3 {7r(.x)} 2 rfa; 5 
L = -|-f yPir ( X) fir ( d) — v (»)} dx, M = A j" fP {n (c£) — ir (ar)} 2 da;, 
A' — 1 [ d — 

d J 0 m s > 


tv _ ji [ d ® /“v „ ^ [ d 

U ~ d* J 0 m- ’ ^ J 0 


1 f d (d — x) dx 


Then there are the following relations between these constants— 

D + E = B, E + F = C, D + 2E + F = B + C = A, D - F = B - C. 

•n (d) = 1 — v z Gt ~ a, K + L = (l-v 2 G)H, L + M = (1 - v®G) I, 

K + 2L + M = (1 - v®G) (H + I) = (1 - »^G) 2 .A = a 2 A. 

I = (1 - ^G) A - H = C - -J (T <£.d$dx. 

jj enoe 

K — M = (1 - ^G)(H -I) = (l -* 2 G)(B- C-^J), 
so that for v — 0, K — M = B — C. 

And lastly, B' + O' = A'. 


Using this notation we have for Vibrations Perpendicular to Plane of Incidence— 
d (p) = - w 0 [l - S 2 (F - K)} + w, {1 + 8 e (E - i**)}, 

\dx/** o 

d(?) =-«, {1+ 8* (E - MS +«',{!— » (D—Jv*))... (V'.) 

\dlBjxmd 
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Electromagnetic Theory. Vibrations Parallel to Plane of Incidence. 



Elastic Solid Theory—Vibrations Parallel to the Plane of Incidence. 


A f / rftA 
2ir [WW*. 


<*($) = -r„.{l-8».(F-iv»)j 

+ v x . {1 + 8*. (E - }v*)} -1 tvU 0 .S & 
u x „d — «o — £ W 8 (t? t -f v 0 ) + w8 (t’j — v 0 ) B' — 8n 0 A' 

n«» rf = n 0 -f iw 0 .{i — 8 2 . (B — i D — l v 2 )} 

- m h . {1 + \ 8 s . (D - i * 2 )} + Su Q . (A - v>) 

r) } = - Sv 0 .(C - v 2 B') - Sv x .(B - I/ 3 + v 2 B') 

(tXj Xms Q J 

4- iv Sn 0 . (i — A') + iv S 2 . u 0 . (C — ^ v 1 ) 


> . (vir.). 


where 


% — 


Biii t 0 (1 — r) + a 0 r', r 0 = cos i 0 (l + r) + i sin i 0 . r, II 0 = /x 0 / ', 
u> 0 = I -+• r, v x = cos i x . s + <■ sin i x . s, w x — s. 


We found also that the series (V') converge at least as rapidly as the geometrical 

( d \ 2 / d _\ 4 

— X 4*53 X fij + (— X 4 - 53 X + • • • 

The series (VI'.) converge at least as fast as 


1 + (-£ X 6-28 X (if + 


X 6*28 X fiY + . . . 


and the series (VII'.) at least as fast as 

1+(~ X 7-66 X J^ + (~ X 7*66 x . 

where /x denotes the greatest value ft has in the variable layer. 

The greatest refractive index for transparent substances (excluding metals) occurs 
in Greenockite, and has the value 2*66. Taking this value for ji* the three ratios are 
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'fib 

12 ~ , 17 -£■ i and 20 ^. If for p we take 1*5 they are 7 ~ , 9 ~ , 11 ; if we fake 

/* as 1*384, the value for water, the ratios are 6 ~, 8 ~, 10 ~. 

A A. A 

Reinold and Rucker found for the thickness of a black soap-film *7 X 10 -fl to 
1*4 X 10 -fl cms., for red of the first order 2*8 X 10 -5 , blue of second order 3*5 X 10~ 5 ; 

these are in wave-lengths of yellow light ~ ~~ . It follows that for the 

series to converge at all, the thickness of the film must be less than that of a soap-film 
giving the red of the first order. 

§ 5. Equations Determining the Constants r, r', . . . 

Vibrations Perpendicular to the Plane of Incidence. 

The equations (V'.) (p. 837) give, on substituting for io 0 . . . 

•— (1 -f- r) {1 —• (F — fv 2 )} + s {1 + 8 2 (E — ^v 2 )} = 18 ^ cos ? 0 (1 — r) 

— (I 4- r) {1 -4* S 2 (E — ^i' 2 )] + s {1 — 8 2 . (D — 3 ^ 2 )} = z cos 
or 

v. {1 — 1 Bp 0 cos i 0 — S 2 . (F — £»> 2 )} — s. {1 -f- S 2 (E — ^j» 2 )} 

= -* {1 + <■ Vo cos h — s 2 . (F — |v 2 )}, 

-r. {1 4-S 2 (E-£? 2 )} +s.{l- l 8 /il cosi 1 -S 2 (D-^)} = 1 + 8 2 .(E -i^ 2 ), 
whence 

r . [{1 — i Bp 0 cos i 0 — 8 2 (F — £j/ 2 )} {1 ■— i Bp x cos i x — 8 2 (D — ^v 2 )} 

_ {m .b 2 (e-^)} 2 ] 

= - [{1 + i Sp 0 cos i 0 - 8 2 (F - i„ 2 )} 11 - 1 8 fi l cos i x - S 2 (d - ~U 

— (I + S 2 (E — iv 2 )} 8 ], 
or 

r [p. 0 cos i 0 -f jiij-cos »j — t 8 (A -j- cos i 0 cos i l — v 2 ) 

~ S 2 • (mo cos h (I>—i^ 2 ) + Pi cos i x (F— 

— cos Iq — p x cos tj 4* 18 . (A —• pqp x cos Zq cos z x —— ^ 

— 8 2 . {p Q cos i 0 (D — ^v 2 ) — p x cos i x (F — i^ 2 )}], since D 4* 2E 4- F == A (p. 836). 
Similarly 

s. [po cos i 0 4* Pi cob *"i — i 8 (A 4- PoPi 008 2 o cos h ~ pi ) 

—- 8 9 . {p 0 oos i 0 (D — 4*^) 4- A*i cos i x (F — 4r 2 )] = 2p 0 cos t Q . {1 4- S 2 . (E — iv 8 )}. 

Since r — Re*' 1 , s = Sc*', we get, by changing i into — z, multiplying and dividing 

R s . [(po cos Iq 4* Pi cos if - 2 8 2 . (p 0 cos t 0 4- Pi cos i x ) {p 0 cos i 0 (D - 
4- Pi cos i x (F — 4- S 2 (A 4- p 0 p l cos i 0 cos i x •— v 2 ) 2 ] 

■s (p 0 cos t 0 — H .cos if — 2 S 2 . (p 0 cos * 0 - p x cos t\) {p 0 cos i 0 (D — jp 2 ) 

— Pi cos il (F — £r 2 )} 4- S 2 . (A — pvPi cos « 0 cos t\ — v 2 ) 2 



840 MB. G. A. SCHOTT ON THE REFLECTION AND REFRACTION OF LIGHT, 

and 

S* . [(ft 0 cos i 0 + ft, cos i,) 2 — 2 8 2 (ft 0 cos t 0 + ft, cos i,) {ft 0 cos i 0 (D — „ 

+ cos *, (F — £v*)} + 8® (A 4 cos i 0 cos t, — v 2 ) 2 ] 

— 4fto B cos* i 0 [1 + 2 8* (E — ^v®)] 

and 

e 2* _ A*o costfi+zt] C03t, + tg(A+/tnMi CQ3 i n coa i,—v 8 )—ft 0 ooa t 0 (I > —£v~)+ ft, CQ8£(F — jt*)} 
ftp cob i 0 +ft, cos i ,—iS (A+/ty/u, cos i 0 cos i, — v 8 )—S 3 . {/t 0 cos t 0 (D —^*>*)+ ft, cos t,(F—|v 8 ) }' 

ftp cos 4 — cos t, + t8(A — ftpft, cos i n cos t, — v 2 ) — 8 s {jt n cos t 0 (D— jv 8 ) — ft, cost,(F-4y*)} 
ftp cos i 0 —ft, cos Jj —i8(A — ftpft, cos t’y cos i, — v 2 ) — 3 3 {ft 0 cos i u (T) — •J-p 8 ) — ft, cos £,(F — ^t' 8 )} 

and 

s«r _ ftp cos t 0 + ft, cos t, + tg (A -f ft,ft, cos if, cos a, — y 8 ) — S 8 {ft,, cos ip(D — V) + ft, cos t, (F— ^y 8 )} 
ft 0 cos i a + ft, cos •/', — 1 £ (A + ftyft, cos i 0 cos i i — f s ) — S’jftp cos i 0 (D — £*»*) + ft, cos t,(F — * 

Hence 


~ Mo 008 8 o + Mi coa 

jJ/Q COS “I" fXr^ COS tj 


£i \ 2 _ nga <Mo «°s 8 » + Mi cos jiH^a cos jo (D - 

V ‘L ftp 8 cos 2 i 0 


•ft,cosi,(F—^» 8 )} —(ftpcos^p—ft, cost,){ ftpCOSt c ,(D—^t» 3 )4-ft 1 cosi,(F—^y 8 )) 
- cos 2 ij 


+ S 2 . 


(fi {) cos % 4- n x cos (A — fitfii cos i 0 cos i x — y g ) 3 


(AV C 08 3 Iq 

““ (jLq COS %q ■“ COS Ij « (A *f P(JA\ COS l() C08 tj •* I^ 3 ) 2 
— flf COS 2 ^) 2 


or 


■pa e!(v:£) 

sill 8 (* 0 + i,) 


1 + 48 s . ftpft, cos i 0 COS ^- - _ Mo . M _ ^rj~ j?y ^ 


jSOJ 


using the equations v® = /t 0 2 sin 2 i 0 = ft, 2 sin 2 1 , and D 4 E = B, 
E 4 F = C (p. 837) 

g 2 — / 2 Mo cos io Y _ f 1 4-28 2 /E—lv 2 )+2S 2 t 1 " 008 ^^ 4-ft,cost,(F—^ 8 ) 

Vftpcosip+ftjcos ij * [_ \ * J 


- S 2 


A% COS ^ “f* cos 
(A + cos to cos i } — v 3 ) s l 


r 


or 


(/*o cos t 0 + fi x cos i x Y 

ga _ 4 sin 8 1 , cos 3 t n r __ ^ (A - ft,, 8 ) (A - ft, 8 ) + (B - C) ( ft, 8 - ftp 8 ) ! 
sin 8 (t 0 + £) L (ft,, cos * 0 + ft, cos j,) 8 J’ 

using the same conditions as for R 2 , 

tan f> = 28ft 0 cos %. ■ — - 8 > neglecting 8 8 , &c. 

tan cr = 28. A + Wh 0 06 (*o . + £ ) neglecting 8 8 . 

flpCOSlp + ft cost ® ° 


(VIE). 
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These give at normal incidence 



S® = T l - 8® (_ A - Mo 3 ) (A - mi 8 ) 4-(B - C) (m, 8 - K?) 

W+K,) 2 1 (* + *>)* 


Vibrations Parallel to Plane of Incidence (Electromagnetic and Contractile Ether 
Theories). 


The equations (VI'.) p. 838, give on substitution for v 0 , v„ since, in this case, r, s' 
are zero, 

— cos * 0 (l + r) (\ — 8® —■) + COS iyS ^1 + S® j = 1 8a/i 0 (1 — r) 

*o ( l + r ) + 8 ® + cos i\s ^1 — S~ t Sa/i^, 


COS tn 


or, 


cos i, 


‘ > -( 1 “ l8 “ A - *“) - °° s *>(> + S*x) = - oosi, (l + ,Sa^ - 8^j 


- cos V • (1 + ** 7 ) + cos(l - . Sa ^ - 8 * f) = cos i, (l + 8 * i), 
whence 


r [(l - 1 8 a -A - 8 ® -) (l - t Sa A - 8 ® ~ ) _ (i + 8 ® -)*' 
LA cos nr- / \ cos i x a J \ * a j 


— — (1 + 4 8a 


cos % 




—) fl — iSa-~ -8»-5) + (l+S 

« / \ cos /j a / \ 1 a) 


[(l -tSa-A-S* — )fl -t8a A -8® — 

L\ cos t 0 a / \ cos tj a 

= - 2i 8a -A- fl + 8®—), 

cos tj \ a / 


-1 + 8 ® 


in 


or. 
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r .\-£± + -*b-a(a - <M»--. - + AW»»(-^A + -a-“\r 

[cos i x cos %q \ cos t x cos t 0 ) \cos % a cos iy a / J 

= -.r~a T - -A. -i-tsfa - M * - A) + 83f-^r- 

|_C09 *! COB \ COB cos t„ / \cos % 0 a COB ^ a / J 

id 

# |"_a_ + JA L __ tS / a „^M 2 __ + a)-E + _*_ M\1 

[cos ^ cos % \ cos i x cos t 0 / \cos io a cos ^ a / J 

= fl + 8* —), since K + 2L + M = a*A (p. 837 ). 

COS ^| \ (t J 

Since r = Re* 1 ’, a- = Sc 1 ', changing i into — t, multiplying and dividing, we have 


R 2 r/_a_ + 2 8 2 (A- + *-.)(A — + -A- —) + 8* 

L\cos ij cos 7 0 / \cos ^ cos ij \cos i 0 a cos i x a J 


COSfcj cos 


* Ml 

M \ 

COS ij 


_ Ml 

M \ 

COS 

a ) 

Ml 

M\ 

cos * 

« J 


COS i x cos i 0 


a .T*.. — A 

COS^ COS Iq 


: ^-- + A 

COS ^ COS 7 0 


= -%r / l + 2 8 2 
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When i 0 = 0, we have 

R . = . (CL=*y. L + i*. p+, <±-*B(±=f&.±S*= ?) w - *’ >], 

Vi + AV l 0*1* - A*0*) 8 J 

«*_ _ W_ Fi _ y ( A " *>1 < a - £& -K B - C)0*i 8 - bS 1 

0h+M,n + J* 

the same as for vibrations perpendicular to the plane of incidence. 

When t„ 4 = \tt, we have 

R a = 4 g® ( A + ^ FoW ~ A*o 8 ~ Mi 3 ) 8 gs _ j j _ i g 2 (A -f G KqVi 8 — Mo 8 ~ Pi*)* ] 
* /*o 8 + Pi 8 ’ Pi 8 ' l 4 Po* + /*i 2 J 

tan p = ± tan ^7r according as 

M.' + ^JA + G^V, tan o- = 8 A + ■ 


Vibrations ‘parallel to plane of incidence (Elastic Solid Theory). 

The equations (VII'.) p. 888, give on substitution for v () , v v . . . 

— {cos i 0 (1 + r) + i sin i 0 . r'} {1 — 8® (F — £ v®)} 

4 {cos ?,.« + *’ si* 1 h • s '} {1 4 S* (E — ^ v s )} — 4 iv S®p. 0 r' 

= 18 fi 0 {cos® i 0 (1 — r) + a 0 sin i 0 . r \ 

— sin i 0 (1 — r) 4 <V / ~~ IV & • l 008 ®o (1 4 r ) 4 <■ sin h • r l (i 4 B') 

— iv 8. {cos ijS 4- «■ sin if} (i| — B') — 8/x 0 A' .r= - — (sin »\. # 4" «i^) 

p</4 «/. {cosi 0 (1 + r) 4 isin i 0 .r'} {1 — 8®(B — £ D — Jv®)} 

— tv {cos .« 4 -<- sin t\. s'} {1 4 i 8 2 (B — £ v®)} 

+ 8 {— sin i 0 (1 — r) 4 a 0 r'} (A — v 2 ) = p/ 

— 8 {cos i 0 (1 4 r ) 4 t sin i 0 r'} (C — v®B') — 8. {cos 4 1 sin v ) (B — v 3 4 ^B') 

4|iv 8p 0 (1 — A'). r 4 tv 8®. {— sin i 0 ( 1 — r) 4 * 0 r'} (C — £ V s ) 

= {cos* i[S — otj sin ij. s'} — ip 0 {cos® i 0 (1 — r) 4 *o ®o • ,a }* 

where we have throughout neglected except in terms of orders 8°, 8', 
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We get, collecting the terms, 

cost 0 .**.{l - <■ Vo cos t 0 — 8 s (F — £ i/ 8 )} — cosq.s{l + 8 8 (E-$*^)} 

4 -tsmto.r' {1 + W 0 -|-S 8 .(£ / i 0 2 -F + £ l < 8 )} - isinq.s'. {1 + 8 *(E-iv*)} 
ssl — cos* 0 . {1 + ‘ 8/* 0 cos t 0 — 8 8 (F — £v 2 )} .(i) f 

sin t 0 . r. {1 - i8fi 0 cos i 0 . ($ + B')} + sin qs. {1 - 18 /q cos q (| - B')} 

+ T '• {«o + S/ifl. (sin* ?* 0 . i + B' - A')} + s'. K + 8 /*! sin 8 q (£ - B')} 

— sin *0 • {1 + * Vo COB i 0 (| + B')}.(2), 


* “ * °°* * • r • { 1 “ * 8 ~ S * <B “ * D - * •’>} 

— |Xj sin q cos q. s. (1 + £8 2 (D — ^v 8 )} 

~ l Mocos 2 t’o .r . |l + s «o^~i^ + 8 8 tan 8 t 0 .(B- |D -£v 8 )} 


/Lt 0 COS 


-f qq cob 2 q • s'. {1 — i 8 a tan 8 *\ (D — £ v 8 )} 

— ^ 0 sin t 0 cost 0 . jl + i8 —— S 2 (B — A D — A>/ 2 )} . . . 

J fl 0 COS l 0 * J 

+ #H cos 8 q. s. 11 - 18 1 

[ fJL x COS i y j 

- Mo sin t 0 . r' |« 0 - 8 - ~^ ,3(1 ~ A>) + 8 2 a 0 (C - £ v*) J 

-/* 1 «ni 1 .4'.|a l -8?“' , + < B '} 

*o-{l + tS 


/x 0 COS* ? 0 


—-— 8 3 tan 2 1 0 (C — £ i/ 2 )} 

f*n cos i n ov 2 'J 


( 8 ), 


( 4 ). 


In working with these equations we shall throughout neglect 8 s , 8 *, 8 8 A', A' 8 . 8 , 
Ac., See. 

We may thus in terms of order S 2 , interchange a 0 , sin t 0 and aq, sin q. 

Multiplying ( 1 ) by v = fi 0 sin t 0 = /x x sin q and subtracting ( 3 ) we have 

18 sin t 0 . r {A — fi 0 8 — t S/u, 0 cos t 0 (B — — F — $p*)} 

— 8 8 . /q sin q cos q. s . (E — — \v 2 ) 

-j- t t . {fi 0 q- 8 a 0 A + sin 8 1 0 (B — — F -j- £/a 0 8 — ^v 2 )} 

— ts'. {/q *+• #q 8 s sin 8 q. (E — — £v 8 )} 

= 18 sint 0 .{A-^H *fywcos» 0 (B — — F — At* 8 )} . . . ( 5 ). 
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Similarly, from (2) and (4) 

r . {/iq — tS cos i ( (0 4* i*'*) — /Hi 8® sin 2 i 0 (C — £j/®)} -j~ s . \fx l — tB cos t\ (B — ^v 2 )} 

4- 8r' sin * 0 . {C + •J*'* ■— /*o® — Bv (C — ^)) -f 8$' sin i x . (B — |»>*) 

= p 0 + tS cos * 0 (C + \v*) — /i 0 8* sin® i 0 . (C — £m®).(6). 

Multiply (1) by «, {1 - 8 (ip,., + vB' - *A' J^) + i S®. (F - E - **,’ + fr*>}, 

(2) by .sini,. {l — 8 (v - H'^) + 48*. (C- W + **)}. 

and add, using the relations a„ = aJ ^sin® i 0 — , a, = /\J (sin® i, — , 

whence ~-r -p 3 -‘ n -p ^ = 2 -p terms in 4 ■ • ■ > 

sin i 0 Of, sin tj a, «t* 

and neglecting terms of order B s , S 2 —, * .... we have 

m z vv 

tr'. (otj sin i 0 4- a 0 s i n h) 

— — r j^(a x cos j 0 -|- t sin i 0 sin *,) {I — t 8 /a 0 €~ *'• — | S® (C 4- |/i 0 2 ) e -2 *’ 0 } 

+ 48A'.^.e‘-] 

fa J 

+ s ^(otj cos i\ — t sin® iy) {1 — Bv 4- £S®. (C — ^ n 2 + r 2 )} 4- £8A'. ^ . c - *' 1 j 

— £(<*i cos i 0 - i sin t 0 sin *,) { 14 i 8/* 0 e^ - £ 8® (C 4- W) s*’ 4 } 
4-i8A'^.e- i »] 

Again, multiplying 

(1) by a, {i - 8^-v B' + 4 A'^ + 4 8>, (F - E — ip.® + V)} . 

(2) .by . sin i .. {1 + i 8 (A' - ±) - i 8®. (C - W)} ■ 


!• (n 


and subtracting, we find 
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is' (*x sin i 0 + a 0 sin *j) 

=s r £(a 0 oos t 0 — t sin 2 i 0 ) {1 — t 8/t 0 cos i 0 — ^S 2 (C + 4/t,, 2 — i^)} 

- « [fc cos 4-1 sin i 0 sin *,) {1 + 4 8 2 . (C — 4 /t 0 2 ) «-**.} " . ^ 

+ [fc cos * 0 + t sin 2 i 0 ) {l + 4 8/t 0 cos i 0 -4 S 2 . (C + W “ ^)} 

Substituting from (7) and (8) for r*, s' in (5) and rearranging the terms, we find 

^Mo (*i cos t 0 + t sin i 0 sin t\) -f ^ (« 0 cos t 0 - t sin 2 i 0 )}(l + 4 8 V) 

"i” ^*(1 1 ^Mo cos if,) Aa x (a 0 cos i 0 — 1 sin 2 i 0 ) — 1 S/ty 2 ^ cos 2 i 0 

- * Wi“o cos t 0 . - 4 8 (a.' - . fa* - p») 

+ 4 8/io^ cos t 0 ^- s - 4 8 - 2 - (/i! 2 - /t 0 2 ) cos ? 0 — 8V /i 0 sin i lC - 

1 ra /^o 

— 4 S 2 .(Mo Bin *\ cos 2 t 0 + sin i 0 cos 2 ^) (C + 4 Mo 2 ) e - ^ 

Mo ( a i cos ^ — t sin 2 ij) -f~ /tj (oq sin t\ -f-1 sin i 0 sin iy) 

-s. + 8 (A - /to 2 ) ao (a, cos i y - 1 sin 2 »,) - 4 8 (A' - ~■)fr* - /t 0 2 ) r* 

\ m 0 / fi x 

+ 4 s *(Mo sin iy cos 2i 0 + /tj sin * 0 cos 2t'i) (C — 4 /t 0 2 ) e~“‘ 


(Mo( a i cos i 0 — 1 sin t 0 sin iy) + /tj (a 0 cos i Q + 1 sin 2 i 0 )} (1 +4 8 V) 
-f 8(1 + tS/to cos i' 0 ) Aa, (oq cos i 0 + t sin 2 1 0 ) -j- 18 /t,, 2 *! cos 2 * 0 

+ I $MoMi*o cos V s " -48 ( a' - (/t! 2 - /to 2 ) «-* 

+ 4 fytoMi cos 2 o^1-4^- (Mi 2 ~ Mo 2 ) cos ? 0 " — 8V /t 0 sin t,. e“" 
— 4 S 8 .(mo sin tj cos 2t 0 + Mi s™ h cos %h) + 4Mo 2 ) ** 
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In the same way we get from (6) 


/*<).(«! sin t 0 + “o sin i x ) (1 — i S/Xq oos i 0 ) — iSsin i\ (a 0 oos t 0 — isin® fy) (A 
— 8®^ oos t 0 sin t 0 sin i x {ho 2 cos t 0 + (B — C) <r*} 


au® 


■+• 8. 


hi (<*! sin t 0 + a 0 sin t\) — 18 sin t 0 (ax cos i x — i sin® i x ) (A — ft,) 8 ) 
+ 2 18 ® sin t 0 sin t\ (C — £ /to®) e -,(l 


= fi 0 (aj sin i 0 + «o sin »x) (1 -f i Sft 0 cos i 0 ) -f t8 sin i v (ag cos * 0 -f i sin 9 t 0 ) (A — ho 2 ) 
— 8*/^ oos t 0 sin t 0 sin t, [ho 2 cos t 0 + (B — C) «*}. 


Solving these two equations for r, s, we get, after some algebraic transformations, 
using the values a 0 sin t 0 = sin 2 t 0 — a, sin ^ = sin 2 t\ — neglecting ~ in 
terms of order 8®, and finally discarding a common factor, a 0 sin i x -f- aj sin i 0 — 

(1 — i Sfi 0 cos i(j — ^ SVo 2 cos 8 % 4- i 8 s (C — i fio 8 )} {^ 0 2 -( a i 008 *i — 1 sin* h) 

+ hi- ( a o cos i 0 — i Bin 2 t 0 ) -j- hohi (a x cos t 0 + « 0 008 h 4* 2a sin t 0 sin i x )} 

*— 18 . {(1 -■ 18 /a 0 cos ifj) (A — ho 2 ) ~ 18 (fix cos i x — /Ag cos i 0 ) (C — -J ho 2 )} 
r • {fi 0 (cos i 0 4- «*o) ( a i 008 h — 1 sin 2 h) 4- h i (cos i x + iaj) (a 0 cos \ — i sin 2 t 0 )} 

— 18 ®. {(A — fio 8 ) (A — fix 2 ) ■+- (fix 2 — ft 0 2 ) (B — C)} sin i 0 sin i 1 . c -‘ (i ” +i > ) 

- i 8 (A’ - ^.) £ ( ft « - Ov-. + 


{I -f i S/i 0 cos * 0 — £ 8®/a 0 s cos® i 0 4- i 8 2 (C — ■£ ho 2 )} {— ho ( a i 008 h — * sin 2 h) 
4- h\- ( a o cos t 0 4 t sin® t 0 ) — hohi (a 0 cos t\ — aj cos t 0 4- 2i sin * 0 sin t x )} 

- 18 . {(1 4 i 8 /a 0 cos t 0 ) (A — ho 2 ) —(hi 008 h 4- ho cos h) (C — h ho 2 )) 

{ho (cos t 0 — ta 0 ) (a 2 cos i x — 1 sin® t‘x) 4- hi (cos i x 4- t*i) ( a o cost 0 +i sin® t 0 )} 

- 18 ®. {(A - ho 2 ) (A - hi 2 ) + (ftx 2 - ho 2 ) (B - C)} sint 0 sin »xc*«--« 

- £ 8 (a' — ^ ^ (/Aj® - ho 2 ) ; 
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{1 - .VoOP. V- e 2 4 + *8».(0 - **•)} {*•.(«, oos4 - tsin® t x ) ' 

+ Mi 8 (“o 008 *0 - * sin 2 to) + ***, («J cog i 0 + « 0 cog i x + 2i sin t 0 sin t,)} 

— 18 . {(1 — i 8/*o cos t 0 ) (A — /*o 2 ) — 1 8 (/*, cos », — /x 0 cos t 0 ) (C — £ m 0 8 )} 

f^o (cos * 0 + «*o) (“i cos i, - i sin 2 *,) + Mi (cos t\ + i«,) (« 0 cob 4 - * sin 8 1 0 )) 

- 18 s . {(A - Mo 8 ) (A - Mi 2 ) + (tf - **) (B - C)} sin t 0 sin 4. £-*♦<,> 

~~ * 8 ( A v) £ (Mi 8 - Mo 2 ) + M]***“) * 


= 2fi lt cos t 0 . [Ov*, + Mi a o) (1 + i8 2 (O-^ 0 8 )} 

“ S ’( 8in *o sin t, - « 0 a,) (A - Mo 2 ) - | 8 (V - 

We easily find 

Mo 8 (“i cos 4’“* sin 8 4 )+Mi 8 (“o cos t 0 -—i sin 8 4)+MaMi( a icos 4+«o cos 4+2t sin i 0 sin tj) 
18111 (*o+4) f (Mo«i+M)«o) cos (4-t,)-i( Ml sin 4-/x 0 sin*,) sin (t 0 -t\)}, 


v 


Mo 2 ( a i costj t sin 8 4)+Mi 2 ( a o cos t 0 -f t sin 8 4)~~M<*Mi( a oCos t\—a, cos t 0 +2t. sin t 0 sin t\) 
* s,n ( J «t *i) UMu a i+Mi a o)cos(? 0 +j',)-fSint',,—^.sin4) sin (4+4)}, 

+ ft,,- = «> S i„ (i„ + = <Sfi 8in 

ft, (cos >„ + .ft,) (a, cos- . sin® t.) + ft, (cosi, + „,) («,, sin > g 

= C0S(4—ti).(u 0 a,4- / i. 1 a I ) Jl _JffiML? in (*o + ti) ..... I 

\Mo lTft 1 /ji V + m^T^ 8 ' 0 * 081 ^^ 

~ i sin (t 0 — 1 \) {/a, sin t 0 — Mo sin t.) 11 — t —Bh . 81 ?ll4 ± h) / • • . . .1 

1 Oh* — Mo 2 ) sin i 0 sin t\ 8m ** a i 8in *o)| 

ft, (cos - .ft,) (., mi,-, sin® i,) + ft, (cos i, + «,)(«„ cos +. sin® i„) 

~ COS (t" 0 + t.) -L si» \ 1 1 , .... MoMi sin (h, h) / • 1 

l ° lMM ° 1 + ^ 10) l 1 0? + V)«n t 0 sin t, < Sm 8 « SlD *» ~ V,)} 

+ tsin (4+4)(Mi sin 4—^sin i.) j I — t —gsgiJB? (4 ~ h) , . . . .. 1 

° 17 1 A (/h* ~ Mo*) sin i 0 sin t, ^ a ° 81X1 ~ a i 8111 *o) [• 

5 Q 


MDOCCXCIV.—a. 
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Writing** 1 Bm * n **° Bintl = M, the equations become, dividing out common factors, 
MlM) + A*»“l 

such as 1 — 4S 3 fi 0 2 cos 2 i 0 -f- £8® (C — £/*o 9 )> an d neglecting 8 s ,... as before, 


r. {cot. — ij) — iM} (l — i 8 fi 0 cos t 0 ) 


ihv(A- ft?) 


1 sin (*>- 4) 


1—J2J. _ g 2 J 3 J tQ _ 1 s\ 

A*uA*i sin (4 + i,) sin (i 0 + 4 ) v ' 

— l 8 2 


7 N*) (A~ Mi *) + Oh* ~/*° S )J B JT1 C )) • sin 4 sin *1 • «“* {< * +,,) 
(a^i* + Mo 3 ) sin (to + 4) {cos (4 - 4 ) 


tM sin (4 - 4)} 

8 (A — /i 0 2 ) ^ • 008 ~4)( a i n 4 sin 4 - «o«i) ~ * si n (4 - 4) («o sin 4 - *1 «n 4) 


Mi* + A*o* 
\ »»<*/ sm t„ 


V « {cos (l>Q *“ (M Bill (ly 


e 


t (io—ij) 


cob (i 0 — t\) — tM sin (i it — i,) 


= — (cot (t 0 + tj) + *M) (1 + 1S/X0 cos *0) 


(A -V ) _ g 2 sin (4 + 3 ) /q _ . 2) 

M 0 M 1 sin (4 — 4) si“ (4 — 4)' 

_ t g 2 {(A - /y>) (A - m 2 ) + (a*i 3 ~ Mi 3 ) (B — C)} sin t 0 8i nt 1 .« t «»- < i ) 
1 (a*i* + A*o 2 ) sin (4 — 4) {«*'« (4 + 4) + * M sin (i u + i,)} 


— 8 (A — 2 AW , cos(t„ + t,)(sin t„ sin— «„«,) 4 - 1 sm (4 + 4 )( «»sin 4 — "1 fi in 4 ) 

' Mx 3 + Mo 2 v • { C08 (4 + 4) + sin (4 + 4)1 




Vt t 


J*o_ 
sin ?‘ n 


M 




cm(i 0 It,) 4 - tM sin (t„ -f t t ) 


and 


s. {cot (t 0 —* tj) — tM} (1 — i8/ul 0 cos ?* 0 — |S 2 /x 0 2 cos 2 i 0 ) 

= ~\i~B (A-L- . 52 i 2 E!L^!s&_W A ^ -LN-JSl . M 1 . 

sm(i 0 —tjsin (t 0 + ij) |_ Ah +M> v \ *V/ sm »o J 


Now r — Re 1 '*, s — S€ ,<r ; hence changing t into — 1 , multiplying and dividing 
corresponding equations, and, as before, neglecting 8 s , 8 2 (and, therefore, 
8 2 (sin 4 sin 4 — a 0 a,)), we find 




MB,. Gk A. SOH0TT ON THE REFLECTION AND REFRACTION OF LIGHT. 851 


R® . [cot 2 (t„ — t\) 
+ M®]. 


~1 ■ gt (A - mo 3 ) (A - -f- Qt,* - Mo*) (B - C) 

M 0 M 1 (Mi* + Mo*)* 

sin 4 sin %. {(/x^ 3 — /%*)* + 4/1,*/^* cos 24 cos 24 } 
sin* (4 + 4) {cos* (4 — 4) + M* sin* (4 — 4)} 

- 28 ( a-^)^. 

t cob* (t 0 — 4) (sin 4 sin 4 — «„«,) + M sin* (i n — 4) (« 0 sin 4 —• «i sin t„) 
v. {cos® (4 — 4) + M* sin* (4 — 4)} 

_L\ .£» cos* (4 — 4) - M sin* (4 - 4) 

’ \ mf) sin 4 ' cos® (4 - 4) 4- M® sin* (4 — 4) 


= [cot* (*o -I- h) 
+ M®]. 


~1 I ± (Mi* - Mo 8 ) (B - C) 

“ r whW + rt? 

sin ^ sin 4 {(/x,® — /*,,*)* 4- 4/t n */t l *c os 2 t,, coh 2t ‘,} 
sin® (i 0 — ij) {cos® (4 + i x ) + M* sin* (4 + 4)} 

cos* ( i ,, + 4) (sin 4 sin 4 4- «„«)) + M sin* (4 4- 4) («„ sin 4 — a, sit) t„) 
. {cos* (4 + 4) + M* sin* (% + 4)} 

_ S (A' — 1 \ ~*4_ M 005,3 (*<> ±j)-1-M sinS .(*o±A) 
m 0 */ sin i n ' ’ cos® (4 + 4) + M* sin* (i 0 + i x ) 


^L 1 - 28 ^-^ 

- 8 ( A '-,i)A' M ]- 


4 cos 2 tp sin 2 iy 
sin 2 (i 0 — ij) sin 3 1 


sin i ( , sin \ — a o ct \ 

+ Mi 2 ^ 


A. — 

2t(1 _ [cot (?'„ + 4) + tM] [cot (4 - »,) -f tM] _ 1 + 2t g/jy, cos 4 1 8 Mo 008 '» ^3 — ^ 
e [cot (4 + 4) - tM] [cot (to - to) - tM] 1 - 2 1 oos '4 A - /*,,* 

1 ~r O/Aq COS to 9 2 

Mi" Mo 


[ tan (4 - 4) + tan (4 + 4) ] 


r 2 a. i 

[l + 2t cos 4 ^ j 

[ ‘ ‘ 1 — M* tan (4 — 4) tan (4 + 4)1 

J tan (4 — 4) + tan (4 + 4) 

t 1 ” *“ * i - M* tan (4 - 4) tan (4 + 4). 

H 

1 - 2t 8/^ cos 4 


€*« 


X , t£ A - M t) a y 

1 + tM tan (t,, — 4) * MoMi sin (4 + t\) . 

1 - tM tan (t 0 - h) j _ t g A ~ Mo* v 

~ * /vh sin (t 0 H 4) 
5 Q 2 





852 MR. G. A. SCHOTT OH THE REFLECTION AND REFRACTION OF LIGHT, 
Henoe, we have finally, using the values of «(,, « lt 

R3 — cot 3 ftp + ti) -f M* 

”cot 3 (* D -» 1 ) + M* 

~l I 5 j» ( A ~Mo 3 )(A-Mi 3 ) + (mi*-Mo*HB--C) 

* ttMi(Mi s +M > 3 ) 3 

_ sin % sin t, sin 2\ sin 2t, {(/t, 3 —^t,,*)* + 4/^*^ 3 cos 2^ cos 2^} _ 

sin* (^—^) sin*(^+ 1 J {cos* (to—i^) + M* (to - h)} {cos* (t 0 +t l )+M*sin*(t 0 +t,)} 

i oS MpWW-Mo* ) 

+ w+h?) 3 

sin 2toSin 2t,. I + (A - tf) — -(A-^ 3 )-^! 

_i___ 'aa^L _ aii 

Mu sin to. { cos 3 (to - ti)+M* sin^-t,)} { cos*(t 0 + 1 ^+M* siu*(to+ h )} 


S 2 = - 


4 cos* t„. sin* t, 


sin*(to— h) • sin*(to+ti){cot a (t 0 —tj) + M*} 

/m (A ZBlI (A-m^-Kmi 3 -*, 3 ) (B-C) 


Bin ip Bin ti{(Mi 3 ~/v) a +VoV 3 cos 2t 0 cos 2t,} 
sin*(t 0 +t,){cos*(to-tj)+M* sin*(to-t,)} 


MoWW-Mo 3 ) sin* (to—ii){ A'(Mi* — M#*) + (A—Mi*):r» — (A—Mn 3 ) 

_ 28___!_ Vhi _ J 

( n 2 2\3 «_ lain r S n.r\u%fr \ _L. ai n 3 /V —— V M 


(Mi 3 **, 3 ) 8 


Mo Sin t 0 . {cos*(t 0 —■i 1 ) + M* sin^-t!)} 


and 


, _ M tan (ip - t,) + tan (t„ + tj 

P i - M * tan(v-t,).tan + t,j 


_i_ 2 S U cos j . ^i 3 ~ A U ± Mi! te n 3 (4 - h)jU ± M* tan *(t„+ t,)} 
0 Mi 3 - Me* {1 - M* tan - tj) tan (t 0 + tj)}* 

tan <r = M tan^-t^+S^ sin * 0 {1 + M* tan*(^-»,)} 


And here 


M _ /*i 8 i n 4 — Mb sin t } _ Ml — Md* 


s 


Mo“i + Mi*o 


■ OL ~ Mb* J j , W*l . V *tj 

Mi 3 + Mu* j Mi* + Mo 3 2 sin ^ sin t, 


as long as sin% > l/m 0 8 , and sin 8 i x > Ijmf. 


(X.). 
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These give, when ip = 0, 

RS _ (*=*)'. f ! . 4 S 2 (A-^KA - ± W - /*i 8 )(B - C)1 

v*» + m#/ L W-Mv*? y 

<* + *>)* L Ohw-J’ 

the same as for vibrations parallel to the plane of incidence, as should be the case. 

At the polarizing angle, when (i 0 -f- tj) — —, we have, since then 

^ ~ pi ^ V2Wo* l/^ TO i®)> 


R« = 48». *y ,• ■ W+O W-c.T <A ~'"' > ^7u^y~y’ >(li ~ C) 


+ fy*oVl • (Ml -Mo ) • V>!®+fl 0 a --^L_-V 


W+i^V+ft")* 


g2 _ j*j g2 _ (^ *t g /*o g )* (A—/ip 8 ) (A—+ ^^(B—C) 

/tp 8 + 14/iy*/*, 4 + p* (_ ' ^ 0 8 + 14ii, 4 u 1 *+u 1 » 


*+Mo* Md 8 + 14^, 4 ^, 4 +/a, 8 

_ 2S > A'W-^)+(A-^ )_(A- Mn =) ~ 


0“i s +*,*)* 

tan P = ~ - 1/2*V ~ l/2m 1 2 ) 


Mo 9 + 1 W^* + /t 1 8 


4- 25 ihi ~W+ 14ft W *•/*.') (Ml 3 — A) f 
v / / a i 2 + ^, 2 -(/ a2 1 -V) 6 1 


l 


4 /V>i*(Mi ! + Mi 3 ) 5 




§ 6. Summary of Results. 


We shall shortly summarize those results that are of use for comparing with 
experiment. 

Vibrations perpendicular to plane of incidence. Plane of polarization parallel to 
plane of incidence. 

These give the sine-formula of Fresnel, which holds for parallel polarized light. 


(»")*= £?^ [l + 48* . » COS i„ COB ■ 


,• (A-^KA-^^-KB-CXm, 8 -^ 8 )! 




tan (p il) = 2 8. cos t 0 . f£~j, 

r\ ro 


(VIII., 
p. 840). 
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Vibrations parallel to plane of incidence. Plane of polarization perpendicular to 
plane of incidence. 

These correspond to Fresnel’s tangent formula for perpendicularly polarised light. 


Electromagnetic and Contractile Ether Theories. 

/■r I \a_tan*(^—• • B—C—J (iffa sin-if, sin t, 

(K ■ L > - J [' + 4 ^°°» *° 008 >■ i , 

rW ^ 1 ° 1 (^COsSlfl-^COB*^) 8 J 

, / •. _ . /i, a — A + (A — G^j 4 ) sin* i. 

tan (pi) = 2 S.p 0 cost*. -——-- — 1 . . 

' r r-0 -o 1 COS* t() ” /JLq COS* tj 


(IX, p. 
843). 


Elastic Solid Theory. 


(R±) 


| 2 _ cot 2 (ip + h) + M* 
cot* (^ — h) + M 2 


"i 4. S8 (A-^KA-m,*) + W-fH?) (B-C ) 

T MoM,(Mi 2 + Mo ’) 8 

__ sin sin i, . sin 2 i () sin 2r,. {(^ t 2 — /jff + 4/^V,* cos 2^ cos 2*,} ___ 

sin*(t 0 —ijjsin®^ + q) • {cos 2 (r 0 —»,) + M*sin*(i 0 —i x )} {cos*(i 0 +q) + M*sin*(t 0 + i t )} 

i 9 S Mo a /*i 8 W ~ /An 2 ) 

+ (Mo 2 + Mo 2 )* 

sin 2t 0 sin 2i,. j A 7 . (Mi 2- Mo 2 ) + (A—-Mi 2 ) _ (A-/^*) —*1 

*_l___ 

^sini,,. {cos*<t 0 —i 1 )-|-M*sin*(i 0 —ij)} {cos* (t 0 + t l ) + M ! 8in®(i 0 + i 1 )}_ 


tan (p 1 ) = M ^ - -9 + ^<Y ±A>, 
vr ' 1 — M s tan (i 0 — t x ) tan (^4* 


1(X,p. 

/ 852). 


where 
M = — 

Mo 


, no • Ml 2 - A {1 + M* tan 8 (i lt - i t )} {1 + M*tan*(t T) + t,)} 
U Mi 2 - Mo 2 {1 - M 2 tan ( i 0 - i t ) tan (*„ + i,)}* 


//■! sin ^ sin t, 


Mi 2 ~ Mt> 2 - 


MoMi 


+ /*. A/*wi -ii «’+ l 1 + «* + 


± + ± 

m„* m, 


provided sin 8 i 0 > — 5 , sin 8 i x > ~~ 

Wj) fllj 


There is a point here which calls for remark, viz., as to the quadrant in which p X, 
p II are to be taken. Neglecting 8 , in the equations (V'.) of § 5 , p. 839, we find the 
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large part of f to be — ^ (^ + w ki°h *® negative, so that for parallel-polarized 

light at normal incidence the vibration in the reflected light is opposite to that in the 
incident at the reflecting surface, so that there is a retardation of phase = ir, 
Similarly, the equations (VI'.) give for the important part of r for perpendicularly- 

polarized light — which is negative at normal incidence, but positive for 

incidences greater than the polarizing angle. 

We shall suppose R 11, R X to be taken equal to the absolute values of the above 
ratios. Then p II will lie between ir and 2ir, or between ir and 0, according as 
tan (p II) is 4“ ° r —f and will differ from ir by an amount of the order 8. The same 
will apply to p X, whose difference from ir, however, does not remain of order 8, but 
which increases through 3ir/2 to 27r, or decreases through ^ir to 0, according to the 
sign of tan (p X). 

The difference p X — p 11 —the retardation of phase of the perpendicularly- over the 
parallel-polarized light—is positive or negative according as tan (p X) is positive or 
negative, and increases numerically from 0 at normal incidence through ± £ir at the 
polarizing angle to X ir at grazing incidence. And the reflection is said by Jamin to 
be positive or negative as the case may be. 

If a ray of elliptically-polarized light be reflected normally from a surface, then the 
difference of phase of the components, and the position of the axes of the vibrational 
ellipse, as well as the direction of its description, are all unchanged in space, but with 
reference to the direction of propagation, and, therefore, also to an observer viewing 
both rays, the position of the axes has changed into one symmetrical to the former 
one, with respect to the plane of incidence, and the ray from being right-handed has 
become left-handed, or vice versd. Thus, there is an apparent change of phase of ir, 
which is called by Jamin “it de retournement,” and causes him to give the measured 
difference of phase as lying between ir and 27r, instead of between 0 and ir. 

We must also consider the effect of a finite, though large, velocity for the pressural 
wave in the Elastic Solid Theory. We have made no supposition as to the values of 
the wi’s, the ratios of the pressural-wave velocity to that of light in the different 
media, except that these ratios are large. The ratio tn 0 : m 1 may have any value, so 
that the refractive index for the pressural-wave between the two media may also have 

u* _ „ s 

any value. The effect of the pressural-wave is to add to —i a quantity 

1 1 ° 

0*i 8 ~ Mb 8 ) f or moderately-large values of L, such as are used in most 

20V+ /*!»)» sintosmq’ .. 

of the experiments; in (R X) 8 , also, there is an additional term, which at no angle of 
incidence is of magnitude more than comparable with 1/w*. 

Now m* is large, perhaps 100, as above, § 3, p. 834. The term in (RX) 2 may always 
be neglected; and at all but very small angles of incidence M be put equal to 
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— u* 

n-„J3 L, This result is in agreement with Green and in opposition to Haughton, 

fh ' Mo j 

who proposes to make M = , where n < ^, ascribing it to a difference between 

the refractive index for the pressural-wave and that for light; but it has been shown 
above that no such difference could diminish » and therefore M. 

The formulae VIII., IX., and X. can be put into a more suitable form for calculation ; 

TJ I 

the quantities experimentally determined are usually and pj. — pH. In doing 
so we neglect powers of S above the second and make use of Snell’s law 

j# 8 mmmm iJL^ 

p 0 sin t 0 = p t sin i, and the equations sin (» 0 — sin (t 0 + t,) = —— 


and cos (t 0 —cos (i 0 -j- »,) = 1 


_! _ V + Po* 


PoPi 


sin t {) sint), 


PoPi 


Bin i 0 sm I,. 


With the same notation for the constants of the variable layer as before, viz., 
d = thickness, 8 = , p = refractive index, and A = ~r[ p® dx = mean value of p 2 , 

A* (t Jo 

B - 0 = jrfV < 2 * - rf) <fe, G = , .1 = -J f£(g - ■* 


since these enter into the expressions in different combinations, we shall introduce 
a different set of constants, involving A, B — C, G, J, and d together with p 0 , p,, and 
defined by the following equations— 


A - 4 {A W+p,®) - 2& W I (A ~ P»* — Mi 8 + OpoV,*) 4 {(B - C) (p,® + p») - (p,® • 

(p, 5 - V) 9 

•?). 


’Po*) 


B 

C 


4p u p. ~ ^ 8 + gftM? 

^ (p,® - p,®)® • V X ) • 

61 PoW • {(A - Po 2 ) (A - p,*) + (P,® - p«) (B - O) 
(Pi* + Po*) 4 



D = 2po 


Pi*-A 
Pi* “Po* 


2nrd 

9 


E 


2„ A ~ Po* ~ Pi* ± G P*Pi* 

" ° Pi* ~ Po* X 


Then the expressions for j—, and pj. — p II become 

K11 
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Electromagnetic and Contractile Ether Theories 

oos 8 (i 0 ± *1) r 

008* (io - i x ) l 

tan (pll) = Dcos» 0 

tan (pX) — tan (pll) = E 


(U)' 

\»ll/ 


I J- A 8 * n io 8 ^ n h 008 h 008 i B sin 8 i n Bin 8 ^ coa i 0 cos \ ~1 
008 (% — h) cos (i 0 + ' cos 8 (i 0 — i,) cos 8 (i 0 + »i)J 


am 8 t Q cos t a 


tan (pi. — pll) = 


cos ^ cos (tjj 4" ij) 

_ E sin 8 1 0 cos t' n _* 

cos (i 0 — i',) cos (i 0 + q) + F 
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XI. 


These expressions are true as far as order d i /k 2 , provided \/2ird > greatest value 
of fi occurring in the variable layer. 

Except in the neighbourhood of the polarizing angle, tan (pX — pll) reduces to 

_ E sin 8 i n cos t,, 

cos (i () - if) cos (i 0 + ij)' 

Elastic Solid Theory. 

Here we introduce subsidiary angles defined by the equations 

2 2 

tan a = M tan (% -f i { ) tan fi = M tan (t 0 — t,), where M = ■ 

Mi + Mo 

Then we have 


/Kiy _cos 2 fi. co s 2 (i 0 -fi,) r _ cos 2 a . cos 2 fi. sin 2 % sin 2 ^ cos i 0 cos i, l 

\RII/ cos 2 a . cos 2 (i 0 — ij) L cos 2 (i 0 — ij) cos 2 (i () -f i,) J 

tan (p 11) = D. cos i 0 


tan (p X) — tan (p 11) = tan (a + 0). [1 + D cos i 0 . tan (a -f £)] 


tan (pX — p II) =- cot (« + £) + !) cos - 

” r / cot 2 (a -f fi) (1 -f D 2 cos 2 i 0 ) -f D cos i 0 cot (a -f $) -f D 2 cos 2 i 0 
or 


cot (p JL — p 11) = cot (a -h fi) + D 2 • 


cos 3 i 0 , cosec 2 (a -f fi) 
cot (a -f /3) + D cos ^ 


^ • (XII.) 


# The expression for tan (pi — pll) inclusive of terms involving (2ireZ/\) 8 is of the form 


_ E sin 2 i 0 cos i 0 _ 

cos (i 0 — i,) cos (% f i,) (1 T a sin 2 t 0 + 6 sin 4 i 0 -f . ) -f a' -f 6' sin 2 ^ t, — — » 

a', 6', . . . being constants of order (2wd/X,) 2 . Since tan (/JL — />ll) is large only in the 
neighbourhood of the polarizing angle I, we may put i 0 = I in the small terms, thus obtaining the 
expression in the text. Then 






A ~ Mi 8 ““ Mi 2 + 


Jt i! 


1 fa sin 2 1 -f b sin 4 

jcnocoxciv.— a. 


ift+rr 


27reZ 

5 R 


p _ a' -f 6' sin 2 1 -f . . . 

~~ 1 f a sin 4 1 -f h sin 4 1 -f . . 
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These expressions are time as far as order #/X 9 , provided -^-X/2 wd > greatest 
value of ft. 

To get some idea of the limiting thicknesses of the film, let us compare them with 
soap-films; Reinold and Rucker estimate the thickness of a blaok soap-film at 
aoout *117 X 10“ 6 centim., that of a film showing red of the 1st order at about 
2*84 X 10“ 6 centim. Hence for 

black soap-film X/2 vd is, for line A 10, D 8, H 6 
red of 1st order.jj, J, ^ 

Since the refractive indices of transparent substances lie between 1 and 3, it 
follows that a transition layer to which the above analysis is to be applicable must 
certainly be less than that necessary to show even a red of the 1st order. 


§ 7. Comparison of Theory mth Experiment—Elastic Solid Theory. 

The expression found for the change of phase is by (XII.)— 

, / i _ in_ cot (at + fl) + Dcob7 0 _ 

an \P P ) cot 9 (a + /3 ) (1 + D 9 COS 3 ?'„) + D COS if) cot (« + /?) + I) 2 cos 9 i„ 

n* — u s 

where tan a = M tan (i 0 + i,), tan /? = M tan (i 0 — i } ), M = > and D is 

a disposable constant. 

The denominator of tan (pA. — p\\) maybe written D 2 cos 2 i (t [f + cot 2 (a + /?)] 
+ [cot (a fi) -j- £ D cos and this cannot vanish even to order D 2 unless 

« + P = i*- . 8 . . s . 

Now, a-f/3= gives cot (i 0 + h) cot (i 0 —h) — M 2 , or *7^“ ^ “ M2 ’ whence 

t 0 = sin -1 . - 2 - .; . —^-jr instead of Brewster’s angle i 0 = tan -1 Mi/m-o- In order that 
we should obtain Brewster’s angle it is necessary that M should be only a small 

<i 8 —— . it S t u 8 J ^ 

fraction e of —~r > which would give sin 2 i Q — ;- 77,1 —77a\a * This, as 

Mi" + Mo 9 Mi + Mo* i + 

W + MoV 

is well known, was pointed out by Haughton, who thought it possible that a smaUei 
effective refractive index for the pressural-wave would lead to such a value of M, but 
the rigid theory developed above, which includes the most general theory possible, 
according to Voigt, without absorption, shows that any alteration in the refractive 
index for the pressural-waves consistent with keeping their velocity of propagation 
large could only produce a very slight change in the value of M—and that an 
increase—except at very small angles of incidence. It is clear then that a rigid 
Elastic Solid Theory cannot explain the change of phase at reflection. 
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Electromagnetic and Contractile Ether Theories. 

Here the expressions (XT.) for the amplitude and change of phase at reflection 
contain four constants A, B, E, F, of which the really effective ones are B, E. The 
constant A in the expression for the ratio of the amplitudes is multiplied by 
cos (i 0 -f- h)> and thus is without effect at the polarizing angle, at which the deviation 
from Fresnel’s formula is most marked. A cannot therefore be determined with 
any great accuracy, seeing that a considerable change in its value produces only a very 
slight effect on the result. In some cases it may be put = zero without impairing 
the accuracy of the formula. 

The same considerations apply to the constant F in the expression for the phases. 

The other two constants B, E ought to satisfy the condition, E* = —. B, As regards 

accuracy of determination the order of the constants is E, B, F, A. 

The experiments discussed are those of Jamin on solids and liquids (see his two 
papers, ‘Ann. deChimieet Physique,’ s<$rie III., 29 (1850) and 31 (1852) ; a series for 
flint-glass by Kukz (‘ Pogg. A rm ->’ 108), and some of Quincke’s (‘ Pogg. Ann.,’ 128)). 
Of these the experiments of Jamin are much the best, and are almost as well repre¬ 
sented by the empirical formulae of Cauchy as by the theoretical formulae found above. 
This might excite surprise-seeing that Cauchy’s formulae involve only one independent 
constant, the ellipticity e—did we not remember that of the three independent 
constants B, F, A (E of course is not independent), two, F and A, do not have 
much influence on the result. The experiments of Quincke are the most irregular, 
but they are of interest because Qutncke investigates the reflection in each other 
from the bounding surface of pairs of media. Of these I have only taken those in 
which there are ten or more different determinations, where there is some chance of 
the constants being accurately determined. The experiments of Haughton (‘ Phil. 
Trans.,’ 1863) I have not had time to consider, but, with but one or two exceptions, 
his series consist of too few determinations to allow of an accurate determination of 
the constants. 

In all the above cases measurements were made of the difference of phase, by means 
of a Babinet’s compensator, directly, and of the ratio of the intensities, indirectly. 
The polarizer was placed at a large angle a with the plane of incidence, so that in 
the incident beam the component polarized perpendicularly to the plane of incidence 
is of great intensity relative to the parallel component. The azimuth /3 of the 
reflected light was determined. Then R J_/R II is given by the equation R A/R II 
= tan m = tan /8/tan a. By this means the determination of «r is rendered more 
accurate, firstly, because the absolute error in m is made much less than that of /? 
owing to the largeness of tan a, and secondly, because the determination of /3 is 
itself more accurate, the intensities of the components in the reflected light being 
more nearly equal. 


5 R 2 
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In combining the experiments I have assumed as a first approximation that the 
accuracy is the same for all values of 8, the difference of phase, and likewise for all 
values of /S. In strictness this is not true, since the accuracy of the readings is 
greater the more nearly equal are the intensities of the two components of. the 
reflected light. But as /8 in most cases ranges from above to below 45°, the 
assumption will be sufficiently true to give values of the constants not far removed 
from their most probable values. 

The sets of constants A and B, and F and E have in each case been determined 
independently by making the sum of the squares of the errors in a and /?, 
respectively, a minimum. 

We have by (XI.) 

tan S =- 

cos cos (io + ij) + F 

2 cob 8 (io+h) . , sia i 0 sin i x cos i n cos i, cos (i ft 4- h) -p sin 2 sin 2 ^ cos % cos ^ tan 2 /3 _ 

11 cos*^—ii)”*" cos 3 (t 0 —ij) cos + (i 0 — q) tan 8 « 


Let 8, fi be the true, 8', /S' the observed values, and let 8 0 , /8 0 be approximate 
values, given tentative values A 0 , B 0 , F 0 , E 0 of the constants. 

Let A ss A 0 + a, B = B 0 -f 6, F = F 0 + /, E = E 0 + e, a, b, /, e being small 
quantities to be determined by the conditions 

t (8' — 8) 3 = minimum, 2 (/S' — /8) 3 = minimum. 

d $ ^ S $0 

Then, substituting for 8, /8 their values 8 0 + / ^ “t" e > A, + a > 

in the equations 

S(8’-S)^.= 0, S(S’-S)y=0, S(^-«.| = 0, S(^-«^ = 0, 


and measuring 
quantities— 


S' — 8 /S' — /8 in degrees, we obtain, neglecting squares of small 



w(S' — 8 0 ) /BSjjN 

180 * \9F J 

l r (ff — dp) /dJo\ 
180 ’ \3Ej 

v ( ft —* ft,) /9/3(A 

180 \daj 

w(/S'-/S 0 )m 

180 \0Bo/ ’ 
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and here we may, in the coefficients, replace 8 0 , /3 0 , by S', 0' wherever convenient, 
thus find 


E 0 

E 0 


2 cot 2 a . 


2 cot 2 a. 


3S<A _ __ K f ,sin 8 S' 
9F 0 / sin* i 0 cos ? 0 ’ 

^-) = sinS' cos S', 

= cot ft . cos 2 /S'. 
— c °t ft • cos 2 /S'. 

\C/X>o/ 



sin i {) Bin i x cob i {) cos ^ cob (t 0 -f ) 

COB 8 (t 0 — tj) 

ain 2 i 0 sin 2 i x cos cos iy 
cos 4 (i 0 — %) 




We 


This is the method used in most cases, but in the more inaccurate experiments it 
was easier to find the sums of the squares of the errors for several pairs of values 
of the constants, and thence, by a kind of interpolation, to find the best values of 
the constants. 

Since the values of E, B are determined independently, the nearness with which 
they satisfy the relation E 2 = ^ B will serve in some measure as a test of the 
formulae. 

I have for comparison given the deviations from Cauchy’s formulae, calculated with 
the given value of e by the experimenter himself. These run roughly parallel 
with the deviations from the theoretical values, and where there seemed any very 
great deviation from parallelism, I have recalculated the results of Cauchy’s 
formula. For instance, Jamin, for fire-opal, gives incorrect values for BJL/KI1 
(his J/I). On recalculating from the given values of /3, some of his values are found 
to be the square roots of what they should be. 

As an index of the accuracy of agreement, I have given the probable error of a 
single observation, as calculated by the formula ± '6745 \/(S/n — 1), where n is the 
number of observations, S the sum of the squares of the errors. 
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§ 8. Jamin (‘ Annales de Chimie et de Physique,’ IH" 1 * S4rie, tomes 29 et 31). 


Realgar— Air (29, pp. 292 and 295). 

Ii = 2-454 ; A = + -0254, B = *06989, F = - -0022, E= + -1565; e = + ‘0791. 
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♦ • 

• • 

79 

* ♦ 



# 




•927 

•926 

+ 001 

-•002 

78 

• 9 

20 

0 

20 

3 

- 3 

- 3 

# # 

, f 

, , 

. , 

77 

, # 



• 


® 9 


•901 

•903 

-•002 

-006 

76 

, , 

16 

20 

16 

21 

- 1 

+ i 

, # 

♦ 9 


• « 

75 







,, 

•879 

•870 

-t-'009 

+ •004 

74 


32 

33 

12 

55 

-22 

-10 

• • 

, # 

., 

• • 

73 




# 


& « 


•837 

•822 

4 015 

+ •009 

72 


9 

22 

9 

52 

— 30 

-21 

•800 

■788 

+ *012 

+ *005 

71 

.. 





• 9 

# , 

753 

■742 

+ 011 

+ 001 

70 

m 9 

8 

30 

7 

30 

+ 60 

* 

r-H 

OO 

+ 

•694 

•685 

+ •009 

-•002 

69 

♦ * 





f 0 


•611 

•615 

-•004 

-012 

68 

• a 

6 

56 

6 

23 

+ 33 

+o3 

•523 

•529 

-•006 

-040 

67 

• * 





a a 

m , 

•433 

•443 

-010 

-017 

66 


6 

46 

6 

51 

- 5 

+ 19 

•364 

•366 

—001 

-•005 

65 

• • 







•292 

•302 

-•010 

-012 

64 

• ♦ 

8 

46 

8 

30 

+ 15 

+36 

■251 

•253 

-002 

-•002 

63 






• ♦ 

• • 

•230 

•215 

+ 015 

+ 013 

62 

a « 

10* 

33 

10 

42 

- 9 

+ 9 

193 

•186 

+ •007 

+ 008 

61 

• 9 



\ 


• • 


■170 

163 

+ •007 

+ •002 

60 

9 • 

12* 

*30* 

13 

*17 

-47 

-12 

T54 

•145 

+ •009 

+ •009 

58 


15 

40 

15 

24 

4-16 

4- 30 

•127 

116 

+ •011 

+ 012 

56 

9 9 

17 

33 

17 

41 

- 8 

+ 4 

106 

•096 I 

+ 010 

+ 011 

54 


19 

55 

19 

55 

0 

+ 9 

•090 

•082 

+ •008 

+ •001 

52 

9 9 

21 

36 

22 

0 

-24 

-14 

•075 

•070 

+ •005 

+ •006 

50 

• • 

23 

18 

23 

59 

-41 

-35 

•052 

•060 

-•008 

-•007 

48 

• # 

26 

30 

25 

52 

4-38 

-14 

•046 

•052 

-006 

-006 

46 

t • 

• i 


., 



9 9 

•048 

046 

-•003 

-002 

44 

• 9 

# 4 


* 1 


9 9 

• • 

034 

•040 

-•006 

-006 

42 


, , 


# | 


9 9 

• • 

•025 

•035 

-010 

-009 

40 


32 

40 

32 

19 

+ 21 

+ 28 

•024 

•031 

-■007 

-006 

30 

•• 

•• 


• t 


• • 

* • 

•018 

•015 

+ •003 

+ •003 


Probable error . 

9 9 

• • 

±20' - 82 

±22'-96 

* • 

• • 

+•0054 

±0071 


# The observations marked (*) have been recalculated. For the first, Jamin calculates 8° 9', giving 
an error of + 21, which is clearly too small. Recalculation gives 7° 9', with an error 1° 21'. The 
second, Jamin misprints 11° 80', but he gives calculated 12° 42', difference — 12', showing that it should 
be 12° 30', which is confirmed by the entry A (azimuth of small axis of vibrational ellipse) * 12*. 4 is 

given in fractions of j~. 










MB. a. A. SOHGTT ON THE REFLECTION AND REFRACTION OF LIGHT. 868 


Diamond—Air (29, p. 297). 

H s£ 2*434; A ass — *0183, B = *00353, F = — *00045, E = + *03577; 6 = + *0180. 



ft- 

w 

observed. 

*0r 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

a * 

a 2 
observed. 

S 

cal¬ 

culated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy, 

o 

75 

0 

a 

66 

22 

0 

13 

30 

o 

13 

25 

4- 5 

+13 

•962 

•969 


007 

- *008 

74 

0 

64 

7 

12 

13 

11 

31 

+ 42 

+ 50 

•955 

*963 

— 

008 

- -009 

73 

0 

58 

37 

9 

46 

9 

40 

+ 6 

+ 8 

•948 

•955 

__ 

•007 

- 008 

72 

0 

52 

15 

7 

44 

7 

51 

- 7 

4- 2 

•940 

•944 

_ 

•004 

- *002 

71 

0 

45 

22 

5 

53 

6 

5 

— 12 

- 3 

•928 

•927 

+ 

001 

•000 

70 

0 

34 

52 

4 

11 

4 

23 

-12 

- 3 

•897 

•896 

+ 

•001 

000 

69 

30 

31 

57 

3 

45 

3 

34 

+n 

+ 20 

•868 

•870 


002 

- *004 

69 

0 

26 

7 

2 

r,7 

2 

48 

+ 9 

+39 

•826 

•829 

_ 

•003 

- 003 

68 

30 

18 

45 

2 

3 

2 

7 

- 4 

+ 5 

•769 

•759 

+ 

*010 

+ Oil 

68 

0 

14 

0 

1 

30 

1 

36 

- 6 

+ 2 

•640 

•634 

+ 

•006 

+ Oil 

67 

75* 

13 

2 

1 

23 

1 

*28 

- 5 

4- 1 

•545 

•545 


000 

+ *007 

67 

30 

12 

52 

1 

22 

1 

25 

- 3 

- 1 

•437 

*439 

_ 

•012 

- *004 

67 

15 

14 

37 

1 

34 

1 

31 

+ 3 

4- 2 

•363 

•362 

+ 

•001 

+ -009 

67 

0 

16 

22 

1 

45 

l 

43 

+ 2 

1 + 2 

■28 8 

•292 


*004 

+ -002 

66 

30 

21 

35 

2 

23 

2 

15 

+ 8 

+ 3 

•202 

*201 

+ 

•ooi 

+ *005 

66 

0 

27 

35 

3 

9 

2 

56 

+ 13 

- 7 

155 

*150 

+ 

005 

+ -008 

65 

0 

35 

45 

4 

20 

4 

24 

- 4 

- 9 

•105 

•099 

+ 

•006 

+ *008 

64 

0 

43 

40 

5 

46 

5 

51 

- 5 

+ 12 

•073 

*073 


■000 

+ -003 

63 

0 

51 

45 

7 

36 

7 

19 

4-17 

+ 10 

*063 

•058 

+ 

•005 

+ *006 

62 

0 

54 

15 

8 

18 

8 

45 

-27 

-36 

•047 

047 


■000 

•ooo 

61 

0 

59 

15 

10 

1 

10 

10 

- 9 

-16 

■042 

*040 

+ 

•002 

+ *003 

60 

0 

62 

53 

11 

35 

11 

32 

4- 3 

4- 1 

•032 

•035 


003 

- *002 




Probable error . 



± 9'*10 

+ 1V-84 

•• 

•• 

±•0038 

±•0042 


# Jamin has i 0 =s67° 55', which is a misprint, since Jamin’s own calculation of S with t 0 = 67° 55' ought 
to give fi ss 598, whilst = 67° 45' gives *538, the actual number in the table. 









864 ME. G. A. SCHOTT ON THE REFLECTION AND REFRACTION OF LIGHT, 


Blend—Air (29, p. 296). 

fi = 2-371; A as + -0275, B= -01180, F = - -00060, E= + -06718 ; e = + -0296. 


*0* 

ft- 

w 

observed. 

w 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

-i 

observed. 

$ 

cal¬ 

culated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

o 

76 

/ 

0 

0 

70 

15 

0 

16 

18 

o 

16 

1 

2 

+ 16 

-39 

•955 

•956 

- -001 

+ *004 

74 

0 

64 

45 

12 

34 

12 

17 

+ 17 

-14 

•936 

•939 

- -003 

- -005 

72 

0 

54 

15 

8 

19 

8 

41 

— 22 

-31 

•912 

•912 

•000 

- -ooi 

70 

0 

42 

0 

5 

24 

5 

23 

+ 1 

- 6 

•859 

•853 

+ -006 

+ -004 

69 

0 

34 

0 

4 

3 

3 

57 

+ 6 

+ 2 

•784 

•791 

- -007 

- -009 

68 

0 

26 

30 

3 

0 

2 

51 

+ 9 

+ 8 

•681 

•674 

+ -007 

+ -005 

67 

30 

23 

37 

2 

38 

2 

35 

+ 3 

+ 6 

*594 

•585 

+ -009 

+ 008 

67 

0 

22 

55 

2 

33 

2 

38 

- 5 

+ 7 

•471 

•481 

- >010 

- -010 

66 

30 

25 

23 

2 

51 

2 

47 

+ 4 

+ 14 

'380 

•382 

- -002 

•000 

66 

0 

28 

45 

3 

18 

3 

12 

+ 6 

+ 19 

•292 

•302 

- -010 

- -008 

65 

30 

32 

0 

3 

44 

8 

44 

0 

+ 7 

•246 

•243 

+ *003 

+ -005 

65 

0 

37 

25 

4 

36 

4 

21 

+ 15 

+ 28 

*212 

•201 

+ Oil 

+ -013 

64 

0 

48 

0 

5 

36 

5 

40 

- 4 

+ 6 

•151 

•147 

4 *004 

+ *006 

63 

0 

50 

15 

7 

12 

7 

3 

+ 9 

+ 21 

124 

•115 

+ -009 

+ -Oil 

62 

0 

54 

30 

8 

23 

8 

27 

- 4 

+ 7 

*090 

094 

- -004 

- -002 

61 

0 

59 

15 

10 

1 

9 

49 

+ 12 

+23 

•075 

•079 

- *004 

- -001 

60 

0 

61 

45 

11 

4 | 

11 

11 

- 7 

! 

+ 9 

068 

•068 

1 

•000 

- -001 




Probable error . 

• • 

• • 

± 6 -23 

d=12'*25 

•• 

l 

•' i 

±*0040 

_i 

±•0046 


Flint—Air (29, p. 298). 

H — 1-714 ; A = - -0317, B + '00260, F = + ’000094, E = + -0339 ; c = + 0170. 


f 

0* 

ft- 

w 

observed. 

. _ _ 

W 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

•-S 

observed. 

h 

cal¬ 

culated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

O 

65 

V 

15 

o 

33 

15 

o 

8 

16 

o 

8 

54 

-38 

-15 

•959 

•965 


•006 

- 006 

64 

0 

29 

15 

7 

5 

6 

58 

+ 7 

+ 5 

•957 

•934 

+ 

•003 

- 010 

63 

0 

24 

30 

5 

46 

5 

27 

+ 19 

+37 

*940 

•930 

+ 

•010 

- 001 

62 

0 

17 

52 

4 

5 

3 

57 

+ 8 

+ 28 

•913 

•912 

+ 

•001 

+ 010 

61 

0 

12 

15 

2 

45 

2 

32 

+ 13 

+35 

•842 

•853 

— 

•on 

+ -035 

60 

30 

9 

10 

2 

3 

1 

54 

+ 9 

+32 

•788 

•780 

+ 

•008 

+ 053 

60 

0 

5 

31 

1 

13 

1 

25 

-12 

+10 

•623 

•623 


•000 

+ -017 

59 

30 

4 

47 

1 

4 

1 

16 

-12 

+ 1 

•382 

•382 


•ooo 

+ -019 

59 

0 

6 

45 

1 

30 

1 

32 

- 2 

+ o 

•223 

•222 

+ 

•001 

- 006 

58 

30 

8 

47 

i 

58 

2 

5 

- 7 

-10 

•149 

•148 

+ 

•001 

+ 018 

58 

0 

12 

14 

2 

45 

2 

43 

+ 2 

- 5 

100 

•109 

— 

•009 

+ 008 

57 

0 

17 

42 

4 

3 

3 

44 

+ 19 

-14 

•071 

•071 


•ooo 

1 - 007 

56 

0 

23 

15 

5 

26 

5 

34 

- 8 

-20 

•052 

052 


•ooo 

- 009 

55 

0 

29 

0 

7 

0 

7 

1 

- 1 

- 3 

•041 

•041 


•ooo 

- 002 

54 

0 

33 

52 

8 

27 

8 

28 

- 1 

-13 

•034 

•034 


•ooo 

+ -002 

53 

0 

38 

45 

10 

5 

9 

54 

+ 11 

- 1 

•027 

•028 

— 

•001 

- -001 




Probable error . 

• • 

• • 

± 9'-44 

±12'-92 

• • 

l * * 

±0035 

±■0404 












Hit G. A. SOfiGTT OH THE REFLECTION AND REFRACTION OF LIGHT. 865 


Fire-opal—Air (29, p. 279). 

#t = 1*623 ; A= — *0040, B«= *00594, F = + *000063, E = + *0625 ; 

c = not given. 


V 


w 

observed. 

w 

calculated. 

Differ¬ 

ence. 

Differ- 

ence, 

Cauchy. 

X 

observed. 

c cal¬ 
culated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

0 

60 

0 

e 

27 

30 

© 

3 

8 

o 

3 

4 

4 

+ 4 


■843 

•810 

+ 033 


59 

45 

24 

30 

2 

44 

2 

44 

0 


.810 

•785 

+ •025 


59 

30 

21 

80 

2 

22 

2 

27 

- 5 


734 

•753 

-019 


59 

15 

19 

30 

2 

8 

2 

11 

- 3 


*703 

•714 

-Oil 


59 

0 

18 

0 

1 

57 

1 

57 

0 

rrj 

•666 

•664 

+ •002 


58 

45 

16 

30 

1 

47 

1 

47 

0 

1 

•609 

•605 

+ •004 

1 

58 

30 

16 

0 

1 

44 

1 

41 

+ 3 

«3 

•540 

•537 

+ •003 

oS 

i 

58 

22 

15 

0 

i 

37 

i 

39 

- 2 

1 

•500 

•499 

+ •001 

0 

V 

58 

15 

15 

15 

i 

38 

i 

39 

- 1 

g 

•455 

•465 

—010 

g 

58 

0 

16 

45 

i 

49 

i 

43 

+ 6 


•397 

•397 

•000 


57 

45 

17 

0 

1 

50 

i 

53 

- 3 

£ 

•337 

■337 

•ooo 


57 

30 

19 

0 

2 

4 

2 

5 

- 1 


•295 

•287 

+ •008 


57 

0 

22 

45 

2 

31 

2 

34 

- 3 


■220 

•215 

+ 005 


56 

30 

30 

0 

3 

28 

3 

16 

+ 12 


163 

•169 

-006 


56 

0 

32 

30 

3 

50 

3 

56 

- 6 


•143 

•138 

+ •005 




Probable error . 

• • 

• • 

±3'10 

.. 

*• 

•• 

±•0280 







# 

Hyalite — Air 

(29, p- 

281). 





= i 

*421 

; ^ 

i = * 

ooo, B — 

*00040, F = 

+ *00026, E = - 

- *0150 

; €= — 

*0074. 






ar 


V 

; Differ- 

j Differ- 

* X 

f) — • 

cal¬ 

Differ- 

Differ¬ 

| V 

/ J 


observed. 

calculated. 

ence. 

! 

| ence, 
i Cauchy. 

! 

2 

observed. 

culated. 

ence. 

ence, 

Cauchy. 

56 

t 

0 

o 

18 

o 

o 

1 

57 

i 

51 

+ 6 


— 924 

-•934 

4-010 


55 

30 

11 

30 

1 

13 

1 

6 

+ 7 

'i 

-•898 

-•885 

-013 

'i 

55 

15 

5 

37 

0 

36 

0 

45 

- 9 


-•850 

-•822 

-028 

ts 

55 

0 

4 

22 

0 

28 

0 

28 

0 

"3 

-■641 

-•656 

4* '01c 

g 

54 

52 

4 

6 

0 

26 

0 

25 

+ i 

o 

-•500 

-•489 

-•Oil 

*.5 

54 

45 

4 

15 

0 

27 

0 

27 

0 

S 

-•329 

-•345 

+ '016 

O 

+3 

54 

80 

8 

0 

0 

51 

0 

43 

+ 8 

t 

-177 

-178 

4-'001 

o 

54 

15 

10 

56 

1 

10 

1 

4 

+ 6 

& 

-140 

-114 

-•028 

r \ 

53 

30 

18 

80 

2 

1 

2 

12 

-11 


-092 

-055 

-037 




Probable error . 

. . 

• • 

de4 , *65 

• t 

** 

* « 

4=0218 



5 8 
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866 MB. G. A. SCHOTT ON THE REFLECTION AND BE FRACTION OF LIGHT. 


Glass-—Air (29, p. 299). 

p = 1-487 ; A = — -0064, B = *000296, F = - -00080, E = + *0154; €=s+ -00752. 


V 

A 

tr 

observed. 

V 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Caught. 

» * 

* 5 

observed. 

h cal¬ 
culated. 

Differ¬ 

ence. 

Differ. 

enoe, 

Cauchy. 

61 

0 

51 

55 

7 

38 

t 

44 

-6 

-'3 

•981 

*984 

t 

1 

—004 

60 

0 

45 

24 

6 

5 

6 

12 

-7 

4-86 

•978 

•980 

-•002 

-002 

59 

0 

37 

40 

4 

38 

4 

38 

0 

- 2 

•975* 

*978 

+ •002 

+ 002 

58 

0 

26 

45 

3 

2 

3 

5 

—3 

-48 

•958 

*959 

-001 

-012 

57 

80 

20 

26 

2 

15 

2 

18 

—3 

0 

•949 

*944 

+ 005 

-*004 

57 

15 

17 

2 

1 

51 

1 

55 

—4 

- 1 

•935 

•988 

+ *002 

+*001 

57 

0 

14 

56 

1 

36 

i 

82 

+ 4 

+ 24 

•913 

•916 

-•003 

-■004 

56 

45 

11 

17 

1 

12 

1 

9 

+3 

+ 5 

•898 

*888 

+ •010 

+ 010 

56 

80 

8 

7 

0 

52 

0 

48 

+4 

+ 5 | 

•846 

•832 

+ •014 

+ *009 

56 

15 

4 

37 

0 

29 

0 

29 

0 

+ 1 i 

•686 

•701 

—*015 

+ 005 

56 

0 

8 

22 

0 

21 

0 

22 

-1 

- 1 

•420 

•417 

+ 003 

+ *024 

55 

45 

5 

15 

0 

33 

0 

36 

-3 

— 6 

•223 

•214 

+ 009 

+ *064 

55 

30 

8 

32 

0 

54 

0 

56 

-2 

- 5 

141 

•133 

+ •008 

+ 014 

55 

15 

11 

52 

1 

16 

1 

18 

-2 

+ 7 

•085 

•095 

-‘010 

000 

55 

0 

16 

0 

1 

44 

1 

41 

+3 

- 1 

[ 058 

•073 

— 015 

-■003 

54 

30 

28 

3 

2 

34 

2 

27 

+ 7 

+ 4 

! 046 

•050 

-004 

-002 

54 

0 

27 

38 

3 

9 

ft 

13 

-4 

- 8 

•036 

•038 

-002 

-001 

53 

30 

i 33 

56 

4 

3 

4 

1 

+ 2 

0 

■032 

•031 

+ 001 

+ 003 




Probable error . 

• • 

• • 

±263 

±10-77 

« • 

« • 

db a 005ft 

±0119 


* Jahin gives -985 instead of '975; but the difference (Cauchy) 002 given by Jamin shows that 8 is a 
misprint for 7; in any case it does not make much difference. 


Fluorspar—Air (29, p. 300). 

p = 1’441 ; A = + *0043, B = *00080, F = + 00104, E a — *0202 ; e = — *00969. 


V 

A 

Vr 

observed. 

W 

calculated. 

Differ¬ 

ence, 

Differ- 

ence, 

Cauchy. 

. * 

2 

observed. 

h cal¬ 
culated. 

■ 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

o 

60 

/ 

0 

52 

i 

7 

o 

7 

42 

7 

28 

+ 14 

+ 13 

-•986 

-•978 

-•008 

-■006 

57 

30 

32 

30 

3 

50 

3 

36 

+ 14 

+ 15 

-•957 

-•954 

-•003 

-•001 

57 

0 

25 

52 

2 

55 

2 

49 

+ 6 

+ 10 

-•943 

-•941 

—002 

+•001 

56 

30 

18 

18 

1 

59 

2 

8 

- 4 

- 3 

-•916 

-•917 

+ •001 

+ •007 

56 

0 

13 

0 

1 

23 

1 

19 

+ 4 

+ 6 

-•868 

-•866 

—002 

+ •008 

55 

45 

8 

10 

0 

52 

0 

59 

- 7 

- 3 

-•819 

—808 

-Oil 

+ 003 

55 

15 

6 

0 

0 

38 

0 

36 

+ 2 

+ 5 

-•463 

-•467 

+•004 

+036 

55 

0 

6 

35 

0 

42 

0 

43 

- 1 

+ 5 

-•265 

-•269 

+ •004 

+ 017 

54 

45 

9 

15 

0 

59 

1 

0 

! - i 

+ 4 

-175 

-171 

-•004 

•000 

54 

30 

11 

38 

1 

14 

l 

20 

1 - 6 

- 3 

-'125 

-123 

—002 

—002 

54 

15 

15 

15 

1 

38 

1 

42 

- 4 

- 1 

-099 

-095 

-•004 

-•005 

54 

0 

20 

0 

2 

11 

2 

4 

+ 7 

+ 4 

-*078 

—07 7 

-001 

-•002 

53 

80 

26 

45 

3 

2 

2 

50 

+12 

+ 14 

-069 

-•056 

-003 

-004 

53 

0 

32 

0 

3 

45 

3 

37 

+ 8 

+ 10 

—051 

—044 

-•007 

-009 




Probable error . 

• • 

• • 

±5-82 

±5-56 

• • 

•• 

±*0034 

±0080 










MB. G. A. SCHOTT OB THE REFLECTION AND REFRACTION OF LIGHT. 867 


Essence of Lavender—Air (31, p. 173). 

= 1-462; A as + -00387, B = -000027, F = - -00096, E = + *00670; 

e bb -|- -00150. 


I 

v ! 

fi- 

w 

observed. 

W 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence 

Cauchy. 

X 

~ 2 

observed. 

c 

cal¬ 

culated. 

Differ¬ 

ence. 

Differ¬ 

ence 

Cauchy. 

56 

32 

o 

16 

0 

i 

26 ] 

0 

1 

24 

+ 2 

+ 2 

•967 

•962 

+ ‘005 

- 004 

56 

20 

13 

0 

1 

9 

1 

5 

4- 4 

+ 2 

•944 

•952 

- *008 

- *019 

56 

14 

10 

20 

0 

55 

0 

56 

- 1 

- 3 

•941 

•944 

- 003 

~ 017 

56 

8 

8 

40 

0 

46 

0 

46 

0 

- 2 

•932 

•933 

- 001 

- 017 

56 

2 

6 

15 

0 

as 

0 

37 

- 4 

- 6 

•917 

•918 

- *001 

- 021 

55 

56 

4 

45 

0 

25 

0 

28 

- 3 

- 5 

•922 

•893 

4- *029 

+ -004 

55 

50 

4 

20 

0 

23 

0 

19 

+ 4 

+ 2 

•899 

•848 

+ 051 

+ oil 

55 

44 

1 

58 

0 

10 

0 

11 

- 1 

0 

•758 

•752 

+ *006 

- *038 

55 

38 

1 

18 

0 

7 

0 

6 

+ 1 

- 1 

•501 

•528 

- -027 

- 021 

55 

32 

i 

40 

0 

9 

0 

12 

- 3 

- 3 

•282 

•278 

4- 004 

+ 058 

55 

26 

4 

20 

0 

23 

0 

21 

4- 2 

4~ 4 

•187 

•164 

+ -023 

+ -064 

55 

20 

5 

30 

0 

29 

0 

30 

- 1 

0 

•136 

115 

4- *021 

+ 049 

55 

14 

6 

22 

0 

34 

0 

39 

- 5 

- 5 

•103 

•086 

4- *017 

+ 022 

55 

8 

8 

50 

0 

47 

0 

49 

- 2 

0 

•081 

•069 

4- *012 

+ 030 

55 

2 

10 

20 

0 

55 

0 

58 

- 3 

- 1 

•046 

•057 

- Oil 

+ 004 

54 

56 

13 

10 

1 

10 

1 

8 

4- 2 

4- 4 

•046 

•048 

- 002 

+ 010 

54 

50 

14 

30 

1 

18 

1 

16 

+ 2 

+ 3 

042 

042 

*000 

+ 010 

54 

44 

16 

50 

1 1 

31 

1 

27 

4- 4 

+ 4 

034 

•038 

- 004 

t- 005 

54 

38 

18 

0 

1 1 

38 

4 

1 

36 

+ 2 

+ 3 

•030 

•034 

- *004 

+ -005 




Probable error . 

• • 

• • 

± 1*60 

i 1-67 

•• 

i 

±0102 

±0160 


5 8 2 





868 MB. G. A SCHOTT ON THE REFLECTION AND REFRACTION OF LIGHT. 


Distilled Water—Air (31, p. 174). 


p = 1-383 ; A = *000, B = ‘00016, F = - -00018, E as - -0126 ; e= - -00577. 


V 

a 

NT 

observed. 

w 

calculated. 

Differ- 

enoe. 

Differ¬ 

ence 

Cauchy. 

X 

observed. 

$ 

cal¬ 

culated. 

Differ¬ 

ence. 

1 

Differ- 

enc© 

Cauchy. 

0 

55 

30 

o 

39 

i 

0 

o 

4 

3 

4 

2 

✓ 

+ 1 

+ii 

-'981 

-•976 

- -005 

- -005 

54 

54 

23 

0 

2 

8 

2 

54 

—46 

-47 

-•977 

-•967 

- 010 

- -008 

54 

30 

16 

0 

1 

26 

2 

15 

—49 

-50 

-'957 

-•957 

•000 

+ 004 

54 

3 

12 

30 

i 

7 

i 

32 

-25 

-27 

-'937 

-•937 

•000 

+ -005 

53 

50 


# 



1 

11 

• * 

• • 

-•917 

-•919 

+ *002 

+ 008 

53 

42 

10 

37 

0 

56 

0 

59 

- 3 

- 3 

-•899 

-•902 

+ 003 

+ 010 

53 

35 

8 

59 

0 

48 

0 

48 

0 

0 

-•884 

-•870 

- ’014 

+ 004 

53 

30 

7 

30 

0 

40 

0 

40 

0 

- 1 

-•854 

-—’857 

+ -003 

+ 006 

53 

23 

5 

30 

0 

29 

0 

30 

- 1 

- 2 

-•829 

-•807 

- *022 

- 010 

53 

19 

5 

30 

0 

29 

0 

25 

+ 4 

+ i 

-•727 

— •763 

+ *036 

+ -049 

53 

15 

4 

30 

0 

24 

0 

20 

4- 4 

- 2 

-•70S 

— •699 

- *004 

+ 009 

53 

12 

3 

52 

0 

20 

0 

18 

+ 2 

+ 2 

-•623 

-•635 

+ 012 

+ -023 

53 

9 

3 

0 

0 

16 

0 

16 

0 

- 2 

-•554 

-557 

+ 003 

+ 008 

53 

7 

3 

0 

0 

16 

0 

16 

0 

0 

-•500 | 

-•500 

•000 

•000 

53 

6 

3 

0 

0 

16 

0 

16 

0 

0 

-•434 ! 

-•472 

+ -088 

1 + 036 

53 

3 

3 

0 

0 

16 

0 

17 

1 - 1 

- 2 j 

-•436 j 

-•390 

- -046 

- 054 

52 

59 

3 

50 

0 

20 

0 

21 

- 1 

- 1 

-•295 ; 

-•301 

+ -006 

- 007 

52 

55 

5 

4 

0 

27 

0 

26 

+ 1 

+ 2 | 

-•250 

-•237 

- 013 

- 026 

52 

50 

6 

0 

0 

32 

0 

32 

0 

+ 3 

-153 | 

-184 

+ -031 

+ -018 

52 

46 

6 

4 

0 

32 

0 

38 

- 6 

+ 2 

-134 1 

- 154 

+ -020 

+ 009 

52 

42 

8 

55 

0 

47 

0 

44 

+ 3 

+ 8 

-138 ! 

-•133 

- 005 

- 009 

52 

38 

10' 

15 

0 

54 

0 

50 

+ 4 

+ 4 

-•106 

-116 

+ -010 

+ -001 

52 

31 

13 

15 

1 

11 

1 

1 

+ 10 

+ 11 

-•087 

-•095 

+ -008 

•000 

52 

26 

13 

50 

1 

14 

1 

9 

+ 5 

+ 5 

-•079 

-•084 

+ 005 

- 002 

52 

16 

15 

54 

1 

26 

1 

25 

+ l 

+ 2 

-•070 j 

-•068 

- 002 

- -008 

52 

5 

19 

7 

1 

44 

1 

43 

+ 1 

+ 2 

-•058 ! 

-056 

- -002 

- -007 

51 

45 

21 

10 

1 

56 

2 

15 

-19 

-10 

-•054 | 

-•042 

- '012 

- -015 

51 

24 

24 

0 

2 

14 

2 

49 

-35 

-30 

-•046 * 

-034 

- 012 

- 016 

50 

56 

29 

0 

2 

47 

3 

34 

-47 

-47* 

-•032 j 

-•026 

- -006 

- -008 



Probable error , 

• • 

• • 

db 1222 

± 1217 

1 

! 

• • 

i 

•• 

±•0113 

±0129 


* This is recalculated; Jamin has -f 11', which is certainly wrong. 






MB. G. A. SCHOTT OH THE REFLECTION AND REFRACTION OF LIGHT. 869 


Ferric Chloride Solution | —Air (31, p. 175). 
p st 1*372, A= + *00083, B = *00068, F = + *00005, E = - *0222, c = - *01056. 


4- 

a- 

NT 

observed. 

w 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

2 

observed. 

1 B 

cab 

ciliated. 

Differ- 

enoe. 

Differ¬ 

ence, 

Cauchy. 

0 

29 

o 


o 

t 

0 

t 

t 

i 






55 

26 

0 

2 

27 

2 

31 

- 4 

- 8 

-•954 

-•952 

— 

•002 

- *019 

65 

23 

25 

0 

2 

20 

2 

22 

— 2 

— 15 

-•938 

-•948 

4 

*010 

- 001 

55 

17 

24 

0 

2 

14 

2 

12 

4 2 

- 2 

-•930 

-•922 


•008 

-- *004 

55 

ii 

23 

0 

2 

8 

2 

3 

+ 5 

+ i 

-•912 

-*917 

4 

•005 

+ 009 

55 

5 

20 

0 

1 

49 

i 

54 

- 5 

- 8 

-•930 

-•910 


*020 

- 016 

54 

59 

19 

0 

1 

44 

1 

45 

- 1 

- 4 

-•911 

-•902 


•009 

- *004 

54 

53 

18 

10 

1 

39 

1 

36 

+ 3 

- 1 

-•899 

— *893 

**- 

006 

- 001 

54 

47 

15 

30 

1 

23 

1 

27 

- 4 

- 6 

-•887 

-*882 


005 

•000 

54 

40 

14 

0 

1 

15 

l 

16 

- 1 

- 6 

-•867 

-•866 

— 

•001 

4 -007 

54 

35 

13 

0 

1 

9 

1 

9 

0 

+ i 

-•848 

-•851 

4 

003 

4 010 

54 

29 

10 

30 

0 

56 

i 

1 

- 5 

- 3 

-•832 

-•829 

— 

•003 

+ -005 

54 

23 

9 

0 

0 

48 

0 

53 

- 5 

- 7 

-■810 

-•802 

— 

•008 

- -001 

1 54 

17 

8 

30 

0 

45 

0 

46 

- 1 

- 2 

-•743 

-•764 

4 

021 

4 *030 

| 54 

11 

8 

0 

0 

42 

0 

40 

+ 2 

+ 2 

-•706 

-•714 

4 

*008 

+ 017 

54 

5 

7 

0 

0 

37 

0 

36 

4 1 

+ 2 

-•639 

-•648 

4 

•009 

+ -017 

! 53 

59 

7 

0 

0 

37 

0 

33 

44 

+ 2 

-•546 ; 

-•564 

4 

•018 

+ 029 

53 

55 

7 

0 

0 

37 

0 

32 

45 

+ 5 

-■500 i 

1 -*501 

4 

•001 

•000 

j 53 

50 

7 

0 

0 

37 

0 

34 

4 3 

+ 5 

-*416 

-•424 

4 

•008 

+ -006 

! 53 

44 

8 

30 

0 

45 

0 

39 

4 6 

+ 10 

- 361 

-•342 

— 

•019 

- 024 

| 53 

38 

8 

30 

0 

45 

0 

44 

4 1 

+ 4 

-•318 

-•277 

— 

041 

- -047 

i 53 

32 

9 

0 

0 

48 

0 

52 

— 4 

0 

-•252 

—229 

— 

.023 

- -030 

; 53 

26 

10 

0 

0 

53 

0 

59 

- 6 

- 2 

-•183 

-193 

4 

•010 : 

+ -004 

1 53 

20 

12 

0 

1 

4 

1 

8 

- 4 

0 

-•161 

-166 

4 

•005 

- -002 

i 53 

14 

13 

30 

1 

12 

1 

16 

- 4 

0 

1 -* 142 ! 

-•145 

4 

003 

: - -003 

! 53 

8 

10 

0 

1 

26 

1 

25 

4 1 

+ 5 

i 

-128 



j , , 

53 

2 

18 

0 

1 

38 

1 

34 

4 4 

+ 8 

[ -101 

-115 

4 

•014 

+ -009 

j 52 

56 

18 

0 

1 

38 

1 

43 

- 5 

- 1 

! —*099 

-*104 

4 

•005 

•000 

! 52 

50 

20 

0 

p 

49 

1 

52 

- 3 

+ 6 

! -*092 

-•095 

4 

•003 

- -001 

i 52 

44 

22 

0 

2 

1 

1 2 

2 

- 1 

+ 3 j 

-*070 

-*087 j 

i 4 

•017 

+ -013 

! 52 

38 

24 

0 

2 

14 

2 

11 

4 3 

'+ 7 ' 

-*060 

-081 

! 4 

•021 

+ -017 

52 

32 

25 

0 

2 

20 

2 

20 

0 

- 1 I 

-047 

-•075 

4 

•028 

+ -024 

52 

25 

26 

0 

2 

27 

2 

32 

- 5 

-38 

-036 

-•069 

4 

033 

+ 030 




Probable error . 

• * 

• * 

=fc2''39 

±5'-77 

! 

•• 

±•0986 

±1159 









870 ME. G. A. SCHOTT ON THE REFLECTION AND REFRACTION OF LIGHT. 

Glass in Water (81, p. 184). 

H = 1-115, A = -000, B = *0020, F = - -00107, E = + *0390, € = -f -02078. 


V 

A 

«r 

observed. 

w 

calculated. 

Differ. 

ence. 

Differ¬ 

ence, 

Cauchy. 

*_^ 

*2 

observed. 

5 

cal¬ 

culated. 

Differ¬ 

ence. 

Differ* 

ence, 

Cauchy. 

0 

49 

t 

0 

e 

21 

* 

30 

0 

1 

58 

o 

1 

51 

± 7 

+ 5 

•881 

•851 

+ -030 

4- *044 

48 

48 

17 

0 

1 

32 

1 

33 

- 1 

0 

•823 

•818 

+ -005 

± *029 

48 

36 

14 

0 

1 

15 

1 

16 

- i 

0 

•791 

*769 

+ -022 

± *046 

48 

24 

12 

0 

1 

4 

1 

3 

+ i 

+ 2 

•705 

•686 

+ -019 

+ -040 

48 

18 

11 

0 

0 

58 

0 

58 

0 

+ 1 

*639 

*642 

- -003 

4- *026 

48 

12 

10 

15 

0 

54 

0 

55 

- 1 

0 

•556 

•582 

- 026 

+ 003 

48 

6 

8 

0 

0 

42 

0 

54 

-12 

-11* 

•493 

•514 

- 021 

4 *016 

48 

0 

10 

0 

0 

53 

0 

54 

- 1 

- 2 

•470 

•446 

4- 024 1 

4- *045 

47 

54 

11 

30 

1 

1 

0 

59 

+ 2 

+ 2 

•393 

•382 

+ on 

4- *026 

47 

48 

12 

30 

l 

7 

1 

4 

+ 3 

+ 4 

*292 

*327 

- *035 

- -025 

47 

86 

16 

30 

1 

29 

1 

18 

+ 11 

+ 12 

•238 

*243 

- *005 

- -001 

47 

24 

18 

30 

1 

41 

1 

34 

+ 7 

+ 5 

•186 

189 

- *003 

4- *000 

47 

12 

21 

30 

1 

58 

1 

56 

+ 2 

+ 5 

182 

•152 

4- *030 

4- *028 

47 

6 

22 

0 

2 

1 

2 

2 

- 1 

- ft 

•158 

•139 

4 *019 

4- 021 

46 

48 

25 

0 

2 

20 

2 

33 

-13 

-13 

•146 

•108 

4- -038 

4 *035 




Probable error . 

. . 

. . 

±4-19 

±4'*23 

• • 

• * 

±*0155 

±•0202 




_ .. 


_ 


. .. 


_ __ 


— 

... „ 

... 


* Recalculated, Jamin has + 6'. 


Glass in Ferric Chloride ^ (31, p. 185). 

- 1*091; A = -4- *0200, B = *00080, F = -j- *000104, E = + *0278 ; «= + *01355. 


IQ. 

A 

w 

observed. 

nr 

calculated. 

Differ¬ 

ence. 

Differ¬ 

ence, 

Cauchy. 

„ X 

6 ~~ 2 
observed. 

fi 

cal¬ 

culated. 

Diffei - 
ence. 

Differ¬ 

ence, 

Caijchy. 

0 

48 

40 

o 

22 

i 

15 

o 

2 

3 

o 

2 

6 

» 

- 3 


13 

•910 

914 


*004 

± 

015 

48 

25 

22 

30 

2 

5 

1 

40 

±25 

± 

18 

898 

•89 i 

± 

•004 

± 

•004 

48 

17 

17 

30 

1 

35 

1 

26 

± 9 

± 

1 

•877 

•876 

± 

*001 

± 

002 

48 

2 

11 

10 

0 

59 

1 

0 

- 1 

± 

4 

841 

•829 

± 

*012 

± 

•oil 

47 

50 

10 

30 

0 

56 

0 

45 

+n 

± 

5 

•753 

•759 

— 

006 

— 

010 

47 

14 

1 

15 

0 

39 

0 

38 

+ 1 


6 

•700 

•704 

— 

•004 

— 

•003 

47 

39 

6 

30 

0 

34 

0 

35 

- 1 

— 

7 

*646 

•644 

± 

•002 

± 

•003 

47 

32 

6 

20 

0 

33 

0 

34 

- 1 

_ 

5 

•535 

•537 

— 

•002 

± 

001 

47 

30 

6 

30 

0 

34 

0 

34 

0 


0 

•500 

•505 

— 

•005 


•000 

47 

27 

7 

35 

0 

40 

0 

36 

+ 4 

± 

5 

•460 

•455 

± 

•005 

± 

•Oil 

47 

20 

7 

55 

0 

42 

0 

42 

0 

± 

3 

•351 

•350 

± 

•001 

± 

•008 

47 

11 

9 

20 

0 

49 

0 

54 

- 5 


0 

•239 

•253 

— 

•014 

— 

•007 

47 

4 

10 

0 

0 

53 

1 

5 

—12 

_ 

6 

•210 

•203 

± 

•007 

± 

•013 

46 

47 

15 

0 

1 

21 

1 

33 

— 12 

— 

5 

•141 

•133 

± 

•008 

± 

*012 

46 

35 

20 

0 

1 

49 

1 

54 

- 5 

± 

2 

■111 

•106 

± 

•005 


*003 

46 

25 

24 

30 

2 

17 

2 

12 

+ 5 

±22 

•091 

*090 

± 

001 

— 

•004 

46 

16 

28 

15 

2 

41 

2 

28 

±13 

+ 20 

•082 

*079 

± 

•003 

± 

*005 

46 

3 

34 

22 

3 

25 

2 

50 

±35 

±41 

064 

•068 

— 

•004 

— 

*008 

45 

30 

37 

0 

3 

46 

3 

51 

- 5 

+ 13 

•027 

•049 

— 

•022 

— 

•023 




Probable error . 

--—- u __ 


• • 

±8'*28 

±9 

'•50 

•• 

•• 

±•00645 

±00724 










MB, G. A. SCHOTT OH THE REFLECTION AND REFRACTION OF LIGHT. 871 


§ 9. Kuaz Poggendorffj Annalen,’ Band 108, p. 588). 

♦ 


Glass in Air . 

ft SS 1*5963 ; A = *000, B = *0085, F = - *00016, E = + *074 ; e = *0865. 
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•ar 

cal* 
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ence. 

Differ¬ 

ence, 
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ence, 
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-i 
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culated. 
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o 

75 

t 

0 

0 

23 

ib 

o 

25 

42 
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-2 32 
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—2 28 
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•981 
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+ ■007 

+ *001 

73 

0 

21 

54 

22 

52 
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4-014 

+ 011 

71 

0 

18 

9 

20 

1 
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-1 45 
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+ •014 
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69 

0 

15 

41 

17 

6 
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-1 17 
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•966 

4-*019 
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67 

0 

12 

26 

14 

8 

-1 42 
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-1 33 
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•957 

4-*018 

+ •017 

+ •014 

65 

0 

9 

54 

u 

8 
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•961 

•944 

+ *017 

+ 016 

+ 013 

64 

0 

9 

42 

9 

38 

+0 4 
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4-0 4 
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63 

0 

7 

7 

8 

8 

-1 1 
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•933 

•922 

+ 011 
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+ •007 

62 

0 

6 

34 

6 

38 
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+ 0 15 

-0 4 

•916 

•903 

+ •013 
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61 

0 

4 

56 

5 
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-0 5 
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-035 

58 
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2 

3 
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55 
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4 

21 

4 

53 
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54 
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5 

49 

6 

17 
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6 

56 

7 

44 
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+ 011 
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+ •008 

52 
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8 

51 

9 

10 
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61 

0 

9 

50 

10 

35 
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•056 
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4-012 
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50 

0 

11 

89 

12 
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•048 
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48 
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9 

14 

47 
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+ 013 
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46 
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42 

0 

22 

16 

22 
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032 
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+ •011 
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40 
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24 
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28 
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29 

44 

30 

51 
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32 

0 
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35 

32 
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., 
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30 

0 

34 

3 | 

34 

13 
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-0 11 

♦ • 

• • 

•• ! 

*» 

» . 


Probable 

error . 

* • . 

+34'*50 

±37' 98 ; 

-} 

% 

+ 

CO 

41 

• • 

•• 

±0056 

±•0058 

rb'0051 







872 MR. 6. A. SCHOTT ON THE REFLECTION AND REFRACTION OF LIGHT; 
§ 10. Quincke (' Poggendorff, Annalen/ Band 128). 


Flint-glass in Air (128, p. 367). 

/i =•• 1-6160; A = — -0625, B = *00533, F= - -00070, E = + *0562 ; € = +*0290, 

g! - 1-609. 
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— 
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24 

12 

4 

32 
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— 

25 

- 12 

•890 

•894 
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- *005 

59 

0 
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2 
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2 
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+ 
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1 
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+ 
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7 
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— 
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8 
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2 
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— 
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— 
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- *001 

54 

0 i 

29 

34 
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— 
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41 

0 
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6 

— 
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•049 
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•000 

+ *001 

50 

0 

48 

25 

11 

14 

11 
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44 

-1 o 

•034 

036 

- -002 
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40 

0 

69 

27 

25 

11 

26 

11 

-1 

0 

-1 2* 

•018 

*013 

4 005 

+ *007 

30 

0 

75 

36 

34 

29 

34 

37 

-0 

8 

-0 24 
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•006 

+ -004 
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Probable crroi . 

• * 

• • : 

±16'-92 

+ 21'19 

*• 

•• 

±•00153 

dfc-00192 


* Recalculated ; Quincke has +16, which is obviously wrong. 

3 hare given B in fractions of ix as in the previous experiments; Quincke himself gives it in 
fractions of £\. 

ft is the value of /* Quincke finds it necessary to use for calculating his experiments by Cauchy’s 
formula, in order to obtain any satisfactory agreement with that formula whatever. 







MR. G. A. SCHOTT ON THE REFLECTION AND REFRACTION OF LIGHT. 873 


Air in Flint-glass (128, p. 868). 

It — 0*6188; A = + ‘0667, B = *0050, F= + *00144, E = - *0861 ; c = - *0505. 
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58 
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33 

22 
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6 

50 
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32 

47 

24 

41 

4 
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5 
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+ 025 
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50 

43 

56 

9 

38 

7 

49 
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+ 1 56 
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+ -037 
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16 

48 
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9 

41 
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-f 1 41 
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! - 039 
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-f -030 

28 

41 

55 

10 

14 

13 

11 

35 

+ 2 38 

+ 2 45 

-•015 

-031 

± *016 

+ -021 




Probable error . 

• • 

• • 

±38'04 

±41'-24 

i 

•• 

±•0288 

± 0320 


Flint-glass in Water (128, p. 372). 

/x = 1*2096 ; A = + *1667, B = *0120, F = + *0127, E = + *0737 ; e = + *041, 

H' = 1*2312. 
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Probable error . . 

• * 
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±35'T0 

• l 

•• 
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874 ME. 0. A. SOHOTT ON THE REFLECTION AND REFRACTION OF MOST. 


Water in Flint-glass (128, p. 373). 

Ii = 0*8267 ; A = - '20, B = 0100, F = — -0123, E = — *0751; e = — *052. 
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Probable error. . 

• • 


±20' - 28 

±20 l, 90 

•• 

•• 

±0383 

±0516 


Crown-glass in Air (128, p. 375). 

H = 1-5149; A = - -0300, B = -00040, F = - *00283, E = + -0113; e= + 00502, 

ix’~ 1-510. 
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Probable error . 
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* Recalculated. 










ME. G. A. SCHOTT OH THE REFLECTION AND REFRACTION OF LIGHT. 875 


Air in Crown-glass (128, p. 376). 

H = 0*6601; A = — -0667, B = '00111, F= -*00583, E = - '0250; € = - 0173. 
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4 *006 

-*008 

33 

52 

14 

6 

2 

32 

2 

8 

+ 0 

24 

+ 0 

29 

—*930 

-•934 

+ •004 

-•026 

33 
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18 

1 

18 

1 

3 

+ 0 

15 

+0 

19 

-922 

-*850 

-•072 
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33 

27 

4 

14 

0 

45 

0 

45 

0 

0 

+ 0 

2 

-•760 

-*760 

*000 

-066 

33 

20 

2 

28 

0 

26 

0 

32 

-0 

6 

-0 

10 

-•489 

-•502 

4*013 

+ 010 

33 

14 

3 

21 

0 

35 

0 

34 

+0 

1 

-0 

6 

! —281 

-•263 

-*018 

+ •044 

32 

54 

7 

41 

1 

22 

1 

29 

-0 

7 

_o 

16 

1 -101 

-*077 

-024 

+ •015 

32 

35 

12 

20 

2 

12 

2 

32 

-0 

20 

-0 

30 

1 -077 

-•044 

-033 

-•009 

31 

57 

26 

1 

4 

55 

4 

39 

+ 0 

16 

+0 

5 

1 -*064 

-024 

-040 

-•028 

! 27 

34 

62 

5 

18 

24 

17 

27 

!+o 

57 

+0 

44* 

-*064 

-•004 

-060 

-056 

25 

34 | 

67 

4 I 

22 

37 

22 

13 

+0 

24 

+0 

8* 

1 —*077 

-•003 

-074 

-•072 




Probable error . 

• * 

• • 

±13 

'•69 

±13 

'•37 

•• 

•• 

±*0277 

± 0371 


* Recalculated 






§11. Discussion of the Preceding Experiments. 
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The glass (I.) is Jamin\ (II.) is Kcbz* ; the others are Quotcee’s. 
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The expressions for A, B, D, E are given on p. 856* Considering the values of a, 
b — c, o, j, given on the same page, we see that A, o do not change when the 
two media on either side of the variable layer are interchanged, b — c merely 
changes sign, and J does the same—this is evident from the physical meaning of j ; 
we have to take an element P and another element Q, form the expression 

S 3 

3 * multiply hy the product of the elements, and then sum, first, for all 

elements Q on that side of P from which the light comes, and, lastly, for all the 
elements P of the film; calling the result j, j', according as the light comes from one 
or the other side of the layer, clearly in forming the sum J + j' we must sum 

3 3 

for all elements Q and for all elements P, hence j -J- j' vanishes, since the 

fiqT fip 

two elements of the integral for any two points P, Q destroy each other. 

An inspection of the values of A, B shows that they should have the same values, 
whether the light comes from one side or the other—provided, of course, the layer 
remains the same. 

As for D, E — D becomes + 2/q E becomes 

fh /V ^ 


I o„ A - Mo - Ml 2 + G MoW 

It has already been stated that B, E are not independent constants; by theory we 
have B = & • E 2 . 

Mo 

A comparison of the values of B and p.E 3 , as given in the table, p. 876, shows that 
this last condition is, with few exceptions, very nearly fulfilled. The chief exception 
is in the case of essence of lavender, where B is *000027, whilst /aE 2 is *000065, but 
this is sufficiently accounted for by the smallness of B, and the consequent smallness 
of tj and /3, which makes a small error in the determination of /3 important relatively 
to the magnitude of B. The large differences in the last four pairs in the table on 
p. 876 may be due to terms of the third order in E, but these sets of experiments are 
not very accurate, the contact of liquids and solids being irregular in character. Of 
the two constants, E is determinable with much the greater aocuracy, since the 
variations from Fresnel’s formulae, which are given by all the constants = zero, are 
much greater for the phases than for the intensities, but it is not easy to say what 
weight should be attached to each determination. I myself should prefer to rely 
solely on the value of E, and thence calculate B; this will not very much alter the 

the values of — - P -. This is 
cos 1 (t 0 - q) 

confirmed by the experiments of Kurz on flint-glass in air (p. 871), where Fresnel’s 
formula is seen to give nearly as good a representation of the intensities as the 
theoretical formula and that of Cauchy. 


values of tan® m, which are ohiefly determined by 
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The only experiments bearing on the relations between the constants for reflection 
from either of several pairs of media are those of Quincke for flint-glass—air, flint- 
glass—water, and crown-glass—air. These experiments are very irregular, as shown 
by the very large “ probable errors ” occurring in all except the first. Quincke 
himself admits that he could not attain to the accuracy of Jamin and even of Kurz, 
and, as already stated, in order to make Cauchy’s formulae fit at all, he has to use a 
different value of /a from that which is determined in the ordinary way. For 
instance, for flint-glass—air he uses 1'609 in place of 1‘6160, for flint-glass—water 
1*2312 in place of 1*2096, and for crown-glass—air 1*510 instead of 1*515. He gives 
several other sets of experiments in addition to these, but they consist of few 
observations and are very much more unreliable still. 

As stated above (p. 877) A, B should be the same for the two sets of experiments 
on each pair. In the case of A this is certainly not true. For flint-glass—air and 
flint-glass—water they are of opposite sign. The determination of A depends almost 
entirely on the extreme terms of the series of observations, for it is multiplied by 
cos (t 0 + ij), which is very small for the middle terms. Now the extreme observations 
in these experiments of Quincke’s show very large errors indeed, in Borne cases of 
more than a degree in or, and are not to be much relied upon. The entire extinction 
of A would not make a difference of more than a few minutes, and if we decide to 
retain it, little stress can be laid on its not satisfying the theoretical conditions.* 

' The case of B and E is much more important, as the deviations from Fresnel’s 
formula; depend on them to a first approximation. 


* On the Accuracy with which the Constants are determined. 
The expressions on p. 860 give 


0w __ S’ll l 0 Rill 7| COS t 0 COS 7, 


0A 

0G 

3f = 


2 cob 2 (* 0 — i { ) 
sin 2 j> 3* 

.. ' 3e 


coBt n 


cos- w, 

_ sin 
” 2E 


(hr __ sin% sin 2 ^ cos i {) cos /, 
0B 2 cos 4 (% — i x ) 


COS 3 W . coi IT, 


Let us consider the effect of small errors of 10' in ur, and of i/X in say for a glass such as that used 
by Kurz (p. 871) at an angle of incidence of 60°. For this angle w is about 4°, S is about JJX or 150°. 
We find 


_ iok 3ar 

3a ~ 12 ’ 3b 


■915, ^ = - ’697, 

3F 3e 


-5*85, 


dvr , d£ being measured in radians. 

The circular measure of dvr — 10' - is -0029, that of dc — '010 of 5 or 1° 8' — is ’0200. 

A 

Thus, 
and 


Thus, 


dw = 10' cculd bo produced by dA. as *023, or by dB = *0032, 

dh = of could be produced by dF as — *030, or by dE as — *0085. 
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The values of B, E for the three pairs, are 


Reflection from flint-glass in air 

B = *00533, 

E = -f -0562, ftJH as 

-f -0908 

99 

„ air in flint-glass 

•0050, 

- -0861, 

- *0861 

99 

„ flint-glass in water 

•0120, 

+ *0737, 

4* *1186 

f 9 

„ water in flint-glass 

•0100, 

- -0751, 

— -1004 

99 

„ crown-glass in air 

• -00040, 

+ -0118, 

+ -0171 

99 

„ air in crown-glass 

•00111 

- -0250, 

- -0250 


Here p lt of course, is the absolute refractive index of the Becond medium. It will 
be seen that the relations B = B' and /i x E = — (^E)' are satisfied with fair accuracy 
for the first two pairs, whilst for the third they are only of the same order of 
magnitude. 

According to Cauchy and Jamin the ellipticities e, e’ in such cases ought to 
satisfy the relation — e'/e = These ratios — e'/e are 1741, 1‘244, and 

3*446 instead of 1*616, 1*210, and 1*515, and the agreement is less than for our 
theoretical formula. 

% 

Of course it has throughout been assumed that the nature of the film of transition 
is the same in both sets of experiments. The outstanding difference from agreement 
may possibly be due to a change in the film. Drude (‘ Wied. Ann.,’ 38, p. 35) by 
observations on cleavage faces of calc-spar has shown that there is in that case a 
gradual change in the elliptic polarization during exposure, so that part of the effect 
at least must be ascribed to condensed air or dust, and it is quite possible that such 
a layer would be affected by atmospheric conditions. 

Without some assumption as to the law of variation of refractive index in the 
layer, there is no relation between the constants for sets of media other than 
those given above. Theoretically Cauchy’s constant e ia for reflection from medium 

(1) in medium (2) should satisfy the equation -j- -f- — = 0, but this is very 

fa fa fa 


and 


A is determined with an accuracy only about \ that of B, 


F 


» 


u 


99 




l 


E. 


In the experiments of Kurz just quotod, the “ probable error ” of w is about 35', that of B about 0000 
of Hence, in this case the accuracy for B is only about 0021/ 0112, or that of E. 

But in most cases the disparity is not so great. 

2 yrd 

The last constant F is of the seoond order in , and in most cases is only from ToVo*h to^yth of E ; 

the exceptions being fluorspar—air essence of lavender—air and flint glass—water and crown-glass 
—air, l In the case of essence of lavender E is very small. The last four pairs involve the xn03t 
inaccurate measurements of all those considered. The effect of F is to make the polarizing angle differ 

from Brewster’s angle by an amount 2 F radius or —— 1F degrees; this for realgar is about for 

fa fa 

flint-glass—water about If 0 , for most other substances or so - As it ic unlikely that the polarizing 
angle can be determined with an accuracy of 1 minute of arc, it is clear that F is known only roughly. 
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far from being the case. In so far as no such relation exists for our theory, it has the 
advantage over Cauchy’s. 

Let us now consider the values of D, E in greater detail; by p. 836 the values of 
these constants are, leaving out of account terms in (2ird/X) s , 


D = 2 n 0 . 


Mi 9 -A 
Mi 9 “ 


2 ? T(l 

IT 


E = 



i* o* - A*i 9 + Q/<oW . 

V — Mv X 


J 


where A, G are the mean values of /x s , — for the variable layer respectively. 


We have 

a — /*o 2 ~ Mi 2 + G/ioVi® = \ * f o (/* 



(fx — —j vanishes, when fx — ^ or /x 0 (of course values of /x < + 1 do 

not occur), it has an algebraic minimum — (/tj — p. 0 ) 2 for the value of fi = \/(/ A if t o)> 
is negative for values of ft between /x 0 and /xj, is positive for values either less or 
greater than both fx 0 and /x v 

Hence if fx for the variable layer lie between yx 0 and p lt a — /a ,, 2 — n * -f G/xqVj 2 
is certainly negative, if outside those limits, certainly positive. In any other case 
nothing can be said cl priori as to its sign, unless indeed the law of variation of /* in 
the variable layer be given. 

If then n lie between fx 0 and fx lt E will be positive or negative—and the same will 
be the character of the reflection in Jamin’s sense—according as the first medium is 
the more refractive or the less. And the reverse holds when /x is outside the given 
limits. 

Now Jamin’s and the other experiments show that the reflection is in most cases 
(but not in all) positive or negative according as is greater or less than 146. 
In these cases, we are at liberty to suppose that for positive reflection, that is, 
when /xJ/Xq > 1*46, fx for the film < /* lt and that for negative reflection, when 
Mi/Mo < (but > 1) fx for the film > fx v This shows that when the second 
medium is air (as is tacitly assumed by Jamin, otherwise the critical value might be 
different), the refractive index of the films is, for some parts at least, > 1*4G, and 
less than 2*5 or so, or perhaps we ought more properly to say that the average 
refractive index is between those limits. Kundt has shown that the refractive 
index of colcothar, or red oxide of iron, which is a common polishing material, is 
about 2 *66; that of chalk, I suppose, would be of the same order of magnitude as 
for calc-spar and arragonite, that is, about 1*5—1*6. A glass surface, with lumps 
of such polishing material embedded in it, might be expected to behave as if coated 
with a film of average refractive index between 1*5 and 2*5, and thus cer tainl y give 
positive reflection. Of course it has not been proved that fx for every part of the 
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film mast lie between the above limits, this is only a sufficient, not a necessary 
condition. 

There is another point to be considered, the magnitude of 2ird/X. It was shown 
(p. 857) that if 2ird/\ be less than the reciprocal of the greatest value of ft for the film, 


2 ^o . A® 


ft max. ft! a ^ft 0 ' 


3» 


the expressions found will be convergent. It follows that | D | < 

1 E I < — •*** 0/ //) , 

1 1 /a max. 

These are the limits which the absolute values of D, E must not exceed. Consider, 
for instance, the case of water-flint-glass, for which ft x s=l'336, ft 0 =l *616, | E | = *075. 

If ft lies between ftj and ft^ then ft max. = /x 0 = 1*616; the greatest numerical 
value of a — ft 0 B — ft/ + GftoVi* occurs for ft = \/(ftofti) throughout, and is (ji 1 — ft 0 ) 8 
(see p. 880) or (*28) 2 . The greatest value of ft/ A is given by ft = ft 0 and is therefore 
ft 0 ® — ft/ Hence we must have 


_ . 2 x 1-616 „ , „ 

D l <- 1 - 616 “ <2; > E 


_ 2 x 1-616 (28)* ^ -28 ^ 

< 1-616 * (1*616)* - (1-336/ < 2 X 2 95 < 


190. 


If ft > ft 0 , ft max, = 2'67 (about the greatest value of ft known for a transparent 
substance), the maximum of ft/A is (2'G7) 2 -— (1 '336) 2 , that of A — ft/ — f/ + Gft/ft/ 


is 


Hence 


D . 2 x 1-616 (2-67)* - (1-336)* „ 3-232 5 35 ^ , 

1 < 2-67 * (1-616)* — (1-33G)* < 2’67 * 0 83 < 7 7 * 

. Jx 1-616 {(2-67)* - (1-616)*} {(2-67)* - (1-336)*} „ 3-232 4 52 x 5-35 
< 2-67 ’ (2-67)®. {(1-616)*—(1-336)*} < 2-67 ’ 7*13 x 0-83 < S 0 ' 


These expressions show that it is possible (or at least probable) to satisfy the 
conditions for convergence by conceivable values of ft for the layer. And since these 
upper limits for | D | , | E | are much wider on the second supposition, and rather 
close to the actual values of | D | ,* | E | on the first supposition, there is a very 
distinct presumption in favour of the second, namely, that the average value of ft for 
the variable layer is greater than 1'616 (and less than 2'67). Quincke does not state 
whether his reflecting surfaces were polished with ferric oxide or not, but this is a 
common enough material. Emery also has a higher refractive index than 1*616, 
so also diamond dust, and some one of these would perhaps be used, chalk or silica 
being hardly hard enough for the purpose. 

* The retardation of phase of light polarized in the plane of incidence is tan -1 (D cos i v ). Wkbkickb 
finds that this retardation is at most a few thousandths of a wave-length, so that D is probably less than 
*01, and quite incapable of reasonably accurate measurement. 

MDCCCXCIV.— A. 5 U 
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It has already been pointed out (p. 858) that the above supposition would give 
a value of d less than that for the red of the first order of thin plates, so that 
no colours of thin plates are to be expected. The constants A,. . ., of course vary 
with the colour, but their effect, in any case, would not equal that due to variation of 
t'i, and therefore of cos (i 0 + i x ) and cos (t 0 — %{). 

[Owing to the secondary importance of the constants A, D, F, and the impossibility 
of measuring them accurately, it will be necessary to take account only of E in dis¬ 
cussing the limitations to which any law of variation of the refractive index p in the 
variable layer is subject. In any particular case, the law must be such as to make p 3 
continuous in value throughout the layer and equal to p 0 2 and p^ at the two 
boundaries ; and to give to E its experimental value by a sufficiently small choice of 
the thickness of d of the layer to ensure convergence of the series for the displacements. 
Besides, p 3 must nowhere be less than 1, and nowhere greater than about 10, this last 
representing the greatest value of p 2 known to exist for a transparent substance. 

The law of variation must involve at least two disposable constants in addition 
to d. 

If the law is to be a general law, so as to include every known case, then it must 
be capable of making E positive and negative, corresponding to positive and negative 
reflection. That is, p 2 must be capable of maxima or minima. For example, the law 
of variation discussed by Lord Rayleigh (‘Proc. Lond. Math. Soc.,’ XI., p. 51) will 

not satisfy this condition. In this case,' we have p = , x being the distance 

a 

from the first face of the variable layer ; this gives - = ^, E = |p 0 ———. , 

a Pj Pj + p, X 

which is always positive when the second medium is the more refractive. Hence, 
Lord Rayleigh’s law will only explain positive reflection. 

If the first medium have a refractive index 1, then p 2 must have a maximum to 
give negative reflection. 

If the second medium have a refractive index equal to the upper limit, that is 
3 or so, then p 2 must have a minimum in order to give negative reflection. 

In addition the general law must make E vanish, that is, pj® + p 0 ® =s A + p 0 2 pf g, 
when p 0 = 1, p x = 1/46 or so, in order to explain J amin’s results. 

It follows from Gladstone and Dale’s experiments, and others of the same kind, 
that the law of variation of p 2 may be of the same form as that of the density. The 
effect of capillary forces will be to make the density vary near the surface of a liquid, 
possibly also of a solid. A somewhat problematical investigation of the law of 
variation of the density in the transition film between-a liquid and its vapour is 
given by J. Clerk Maxwell, in his article on Capillary Action, in the ‘Encyclopaedia 
Britannica ’ (9th Ed.), which gives the density of the variable portion an exponential 
function of the distance from the surface. If such a law represent the actual 
circumstances, then: negative reflection must be ascribed to adventitious films of dust 
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or condensed gases. It is worth noting that water, which gives strong negative 
reflection when its surface is covered with grease to even a small amount, when 
perfectly dean shows hardly any elliptic polarization by reflection (Lord Rayleigh,* 
R8NTGBN+). Again, various specimens of glass, whose surfaces have been repeatedly 
cleaned by a method due to Wernicke, of removing the polishing material by an 
adhesive coating of gelatine, show much greater positive reflection than when polished 
with oxide of iron or oxide of tin (Wernicke, * Wied. Ann,’ 30, p. 402, and K. E. F. 
Schmidt, ‘ Wied. Ann.,’ 51, p. 417, and -52, p. 75). It is clear that the effect of a 
highly refractive surface film, either of grease or of polishing material, is to produce 
negative reflection which is superimposed on the effect due to a gradual transition 
between the ether inside a body and that outside. This latter we should expect 
to depend on the same causes that produce dispersion and absorption (Schmidt, 
loc, dt., p. 89). Dispersion is taken account of through the refractive index. The 
absorption effect can be conveniently treated by supposing the refractive index every¬ 
where complex of the form p (1 + ie). The distance in which, by absorption, the 
amplitude is reduced to 1/e of its original value is A/2ir/ze. In a metal this distance 
may be as little as y^y^th of a wave-length, in a very transparent substance such as 
glass it may be as much as 100,000 wave-lengths. These values would give 
e = about 100, about r ysuoTSW respectively. In the one case e is large, in the other 
it is very small compared with 2 ird/\, which must be less than fa. In considering 
such substances as glass, we may take account of quantities of order e, but may 
neglect all of higher order. 

The effect of absorption on the values of A, B, F, is of order e. 2 nd/\, and may he 
neglected. The effect on D, E is of order e. 

The new value of E is 

A — z*,, 3 — fly* + G fijrf 2nd fiQ . , 

-2^ --- -- w _ + 2 ^ ( Cl - e 0 ), 

where Cq, Cj are the values of e for the first and second medium respectively. No 
term of order c due to the film itself occurs. Hence any small degree of opacity in 
the film changes the retardation of phase, if at all, by a whole number of wave¬ 
lengths. Wernicke (‘Wied. Ann.,’ 51, p. 449) finds that whilst there is normally a 
retardation of phase of £ wave-length, when light is reflected perpendicularly in glass 
from an opaque layer of silver closely adhering to the glass, yet the presence of a trace 
of dust or air between glass and silver suffices to produce instead an acceleration of 
phase | wave-length. 

If the more refractive medium be also the more absorptive, as is generally the case, 
absorption increases positive reflection (since ^ > e 0 ); and of two substances having 
the same refractive index, the more absorptive will show greater positive (or less 

* ‘ Phil. Mag.’ (5), 33, p. I» 
f ‘ W ied. Ann.,’ 46, p. 152 
5 V 2 
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negative) reflection, when they are placed in contact with the same third sufastanoe. 
This agrees with the conclusion arrived at by Schmidt (loc. dt.), from his experiments 
on various crown and flint-glasses. —July 20.] 

The above experiments are sufficient to test the accuracy of the theory, which 
merely assumes the existence of a film of transition, without entering into the question 
of its origin and constancy; whether it be due to a surface property of the medium— 
a kind of capillary effect—or merely to an adventitious 61m of dust or of polishing 
powder, is of no oonsequence as far as the theory is concerned, its existence is 
the crucial hyi>othesis, and of that existence there can be no doubt. The theory does 
however point to the idea that the film may be, in part at least, of adventitious 
origin. 

This is confirmed by the experiments of Drude already mentioned, and those 
of Lord Rayleigh on the reflection from pure water surfaces (‘ B. A. Repts.,' 1891, 
p. 563), who finds that perfectly clean water reflects only xsW °f perpendicularly 
polarized light found by Jamin, so that its ellipticity is only about -fa of Jamin’s 
value. The darkness of the band observed in the analyser at the polarizing angle was 
disturbed by a small trace of olive oil applied to the surface and producing a thin film. 

§ 12. Conclusion. 

We may sum up the results of the precedi ug discussion as follows :— 

(1.) A rigid elastic solid theory, proceeding on the assumption that the velocity of 
the pressural-wave is much greater than that of the light-wave, will not explain the 
experimental results, whatever he the refractive index for the pressural-wave. 

(2.) Lord Kelvin’s contractile ether theory and the electromagnetic theory in 
Hertz’s form, lead to the same equations, containing three independent constants (of 
which two have little effect, except at a distance from the polarizing angle) ; and these 
equations agree with the experiment rather better than Cauchy’s empirical formulae 
containing, as used by Jamin, one constant, e, and as used by Quincke, two con¬ 
stants, e and n'. At a distance from the polarizing angle Fresnel's expression for 
the intensity is sufficient. 

(3.) Whilst Cauchy’s constants, c, have been found not to satisfy the theoretical 
conditions assigned by Jamin (so that Cauchy’s formula must be regarded as an 
empirical one), the constants of the above theoretical formulae satisfy the conditions 
theoretically deduced, as nearly as is to be expected, considering that the whole effect 
under discussion is itself but a small correction. 

This last conclusion as to the possibility of a theoretical explanation of the 
phenomena of reflection based on the existence of a film of transition is at variance 
with the result arrived at by M. H. Bouasse from a critical examination of the 
theories so far proposed. (See his paper in the * Annales de Cbimie et Physique ’ for 
February, 1893, p. 145.) 
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Diagram of the difference of phase of the components of Light reflected in Air from Diamond 

(according to Jamin’s experiments). 

The black line is the theoretical phase curve; the crosses represent Jamin’s experimental results. 



Diagram of ratio of intensities of Light reflected in Air from Diamond (according to Jamin’s 

experiments). 

The black line is the theoretical curve; the crosses show Jamin’s experimental results. 
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XIV. An Instrument for Grinding Section-plates and Pnsms of Crystals of Artificial 
Preparations Accurately in the Desired Directions. 

By A. E. Tutton, Assoc. R.C.S., Demonstrator of Chemistry at the Royal College of 

Science, South Kensington. 

Communicated by Professor Thorpe, F.R.S. 


.Received January 11,—Read E'ebruary 1, 1894. 

The most difficult operations in connection with the investigation of the optical 
properties of the crystals of artificially-prepared substances, which are usually 
endowed with a much lower degree of hardness than the crystals of naturally-occurring 
minerals, are those which involve the preparation of the necessary section-plates and 
prisms. It is of primary importance that the plates should be truly parallel to the 
desired plane, or perpendicular to the desired direction in the crystal, and that they 
should possess plane surfaces truly parallel to each other. The prisms should likewise 
possess two plane surfaces, inclined to each other at an angle which may not usually 
exceed 70°, and whose edge of intersection is always required to be parallel to a given 
direction in the crystal; moreover, the two surfaces may with advantage be sym¬ 
metrical to, or one of them parallel with, a given plane in the crystal It is not too 
much to say that the accuracy of the determinations of the optical constants of 
crystals depends fundamentally upon the degree of precision with which these 
requirements are attained. 

The preparation of section-plates and prisms of these relatively soft and triable 
crystals, when, as happens in the large majority of cases, the crystals do not exhibit 
the desired planes, or do not present them sufficiently prominently developed to 
enable them to be utilised as plates and prisms, must of necessity be carried out by 
grinding. In very few cases, indeed, are the crystals of artificial preparations 
endowed with sufficient hardness to withstand a preliminary cutting, by means of an 
extremely fine fretsaw, or thin wire lubricated with oil or a solvent for the crystal¬ 
lised substance. The crystals usually require delicate handling, their relative softness 
or brittleness, together with the development of cleavage, rendering them particularly 
liable to fracture and spEtting. Moreover, owing to their greater freedom from 
distortion, striation, and facial curvature, the smaller crystals are always to be 
preferred for the purposes of accurate investigations, and the preparation of sections 
and prisms from small crystals must necessarily be carried out entirely by grinding. 

19.12.94 
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The first surface of a section-plate is usually ground by holding the crystal firmly 
between the finger and thumb, and moving it gently to and fro over the surface of a 
finely-ground and slightly-convex glass plate, employing as lubricant either oil or a 
slow solvent for the crystal, endeavouring to avoid movement of the wrist, which 
would cause the ground surface to be more or less convex. If the crystal is tolerably 
hard, and not brittle, a case which but rarely happens, a holder may, perhaps, be 
safely improvised out of the two halves of a split cork, but, in most cases, grinding 
between the finger and thumb has to be resorted to. Having thus ground one face, 
it is polished upon a piece of silk fabric, and tested as to its planeness, and whether 
it is approximately true to the desired direction by adjusting it upon the goniometer, 
observing the character of its reflection of the signal of the collimator, and actually 
measuring at least two angles which it makes with developed faces of the crystal. If 
the results are not satisfactory, grinding must be resumed and continued until upon 
similarly testing the indications are satisfactory. A second face is then to be ground 
parallel to it in a similar manner, until a plate is obtained sufficiently but not too 
thin to exhibit (in the polariscope of the axial angle goniometer, which is to be 
employed for measuring the separation of the optic axes, supposing the crystal to be 
biaxial) the interference figures with inner rings of very small size, when the hyper¬ 
bolic brushes, whose separation is to be measured, are best defined. Before grinding 
the second face it is usually found most convenient to mount the crystal by the first 
ground surface upon a small glass plate by means of Canada balsam. The plate is 
more easily held during the grinding, the chance of breaking is diminished, and, if 
the crystal is strongly doubly-refracting so that a very thin section is required, 
approximate parallelism is more easily attained. When the crystals are not very 
small, the second surface may be ground more truly parallel to the first by employing 
the small apparatus made by Fuess, of Berlin. The crystal is cemented by its first- 
ground face upon one end of a closed white metal cylinder, two and a-half inches 
long, and a little over an inch in diameter, the ends of which are plane and fixed as 
nearly as possible perpendicularly to the axis. The cylinder slides vertically, with 
the crystal downwards, in an outer tube of brass from the lower end of which radiate 
horizontally three arms carrying levelling screws with fine threads; these are 
adjusted, by use of a graduated wedge, so that the ends of the arms are at the same 
height above the surface of the grinding-plate, when the cylinder will be perpen¬ 
dicular to the latter. By moving the apparatus to and fro over the lubricated 
grinding-plate, exerting at the same time a gentle pressure upon the cylinder, a 
second surface of the crystal is ground parallel to the first. This mode of grinding 
the second surface is not found convenient in the case of small crystals. 

The grinding of the first face of a prism from a small artificial crystal is carried out 
by hand in the same manner as the first surface of a section-plate. The second face 
is naturally more difficult to obtain true to the desired direction; it is usually, also, 
accomplished by hand. 
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It will be evident that this mode of procedure can, at the best, only furnish 
plates and prisms whose surfaces are approximately plane and true to the desired 
directions. For the difficulty must at onoe be apparent of holding a small crystal, 
perhaps only one or two millimetres in its longest dimension, so that a certain plane, 
judged by reference to the developed faces of the crystal, is parallel with the grinding 
plate. Moreover, even after long practice, it is impossible, other than exceptionally, 
to grind a truly plane surface. The use of a very slightly convex grinding-plate 
helps but little to counteract the effect of an involuntary turn of the wrist. It is a 
most disagreeable, but frequently-recurring experience, to grind and polish, after con¬ 
siderable trouble, a smooth and apparently plane surface without accident from 
fracture, and then to find upon goniometrical examination that it is perhaps five or 
more degrees out of the desired direction. It also often happens that many hours 
are wasted by the fracture of crystal after crystal during the grinding. It will thus 
be seen that the preparation of a large number of sections and prisms by the current 
method, for the purposes of an extensive investigation, is attended by a prodigious 
amount of labour, and is a severe tax upon the patience of the investigator, while the 
results can rarely be more than approximate. 

The instrument now to be described is the result of an attempt to replace these 
wearying and approximate methods by a method of precision, which shall eliminate the 
fatigue of hand work, while assuring that the ground surface shall be truly plane and 
shall lie in the right direction. The attempt has met with success, and it is possible 
by the use of the instrument to grind and polish a truly plane surface in any direction 
in a crystal, so as to be true to that direction to within ten minutes of arc, an amount 
of possible error which would exercise no measurable influence upon the values of the 
optical constants. Moreover, this result may be achieved in a small fraction of the 
time hitherto required, and with only the very slightest risk of fracturing the crystal. 
An arrangement is also provided by which a second surface may be ground parallel, 
with a like degree of accuracy, to the first. It is also found easily possible, by the use 
of it, in cases where the double refraction is low, so that fairly thick sections are 
required to exhibit small rings in the interference figure, to grind and polish two pains 
of parallel faces, perpendicular to the first and second median lines respectively, upon 
the Bame crystal. It is likewise an easy matter, and can be made the usual course 
of procedure in the case of biaxial crystals, whatever the amount of double refraction, 
provided the crystals are not too minute, to grind a pair of prisms in such directions 
upon the same crystal as will afford all three refractive indices. Indeed, when 
crystals of low double refraction and of three or more millimetres diameter are avail¬ 
able, it is not difficult to grind two section-plates and two prisms upon the same 
Crystal, from which the whole of the optical constants may be obtained. The sections 
and prisms furnished by the instrument possess the further advantage of being so 
highly polished as to enable them to be employed directly, without the intervention 
of cover glasses, for the purposes of the determinations of the optic axial angle and 
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the refractive indices, and the results obtained from them are no longer only approxi- 
mate, but precise. 


Construction of the Instrument. 

A general view of the instrument and its principal accessories is given in fig. 1. 


Fi R 1. 



It consists essentially of the following five parts :— 

1. A rotatable horizontal divided circle and fixed vernier. 

2. A suspended vertical axis, rotating with the circle and capable of vertical motion, 
carrying at the lower extremity the crystal and its means of adjustment. 

3. A rotatable grinding disc, whose surface is parallel to the circle and perpen¬ 
dicular to the suspended axis. 

4. A horizontal collimator and telescope, for goniometrically observing the crystal. 

5. An arrangement for wholly or partly relieving, or for increasing, the pressure 
with which the crystal bears upon the grinding disc during grinding. 

Upon a circular solid metal base are erected three brass columns, which support a 
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strong metal cross-plate, triangular in sbape with somewhat concave edges, repre¬ 
sented at a in the section given in fig. 2, In the centre of this plate, and forming 
part of the same casting, is carried the outer fixed cone b , in which the various 
movable axes are supported. The vernier plate, of silver, is fixed to a short arm 
springing from between two of the main arms of the croBS-plate. Within the outer 
fixed cone 6, a second one c is capable of rotation by means of a large ebonite milled 
disc d, which is firmly attached to it immediately below the termination of the fixed 
cone. Above, the upper fiange of this movable cone is screwed to the circle e, so that 
rotation of the ebonite disc effects rotation of the circle. 


Fig. 2. 





The circle is fitted with a thick silver tyre, upon which the graduations are 
engraved. These read directly to half-degrees, and with the aid of the vernier to 
single minutes. Immediately below the circle the cone c is loosely encircled by a 
collar /, which can, when desired, be firmly fixed to it by means of a clamping screw 

5x2 
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fj, prodded with milled head. The screw passes through an arm radiating from the 
collar, and presses a small friction brake against the flange of the cone c. The collar 
similarly tails off into an arm upon the other side of the centre; and this arm, to¬ 
gether with the collar, the cone c (when fixed to the latter), and all that moves with 
it, is capable of being slowly moved by means of a fine adjusting screw h, provided with 
milled head. The arm is always pressed against the end of the screw by a piston 
actuated by a strong spring confined in a cylinder closed at one end. The long 
cylindrical nut of the screw, and the cylinder containing the spring and piston, are 
arranged on opposite sides of the arm in the same straight line, and both are fixed to 
the cross-plate a. Rotation of the milled head in either direction consequently 
produces slow motion of the collar and circle, and all that moves with them. 

The angle of the conical bore of the fixed cone b, and of the exterior of c, is but 
slight, and the bore of a is made truly cylindrical. Within this cylindrical socket 
slides an axis i of gun-metal, independent rotatory motion being prevented by 
grooving "it longitudinally and fixing a corresponding metal rib upon the interior 
Btirface of c. Hence this axis always rotates with the circle, but is capable of free 
upward and downward motion. It is held in position at a convenient height by 
means of a pair of levers k, heavily weighted at the ends of the power arms; their 
fulcrum supports l are fixed upon the circle-plate, and their shorter curved arms 
press upwards against a split collar m, which is fixed to the axis by means of a 
square-headed tightening screw worked by a key. The counterpoises n are bo 
adjusted that when the lever arms are approximately horizontal the whole weight of 
the axis i and all that it carries is nicely balanced, and the slightest touch of the 
levers is sufficient to cause up or down movement of the axis. The function of the 
axis i and the counterbalancing arrangement is to enable the pressure with which 
the crystal bears upon the grinding disc to be modified according to the strength of 
the crystal, and the mode of using it will be hereafter described. 

It is found convenient to have an adjustable screw o, resembling an electrical binding 
screw in shape, without the lateral holes, slightly to the outside of the fulcrum of one 
of the levers ; the cylindrical nut in which the screw works is fixed to the circle-plate 
right under the long arm of the lever, so that the head of the screw may be made to 
support it at any convenient height. This lever is thus capable of free motion in the 
direction in which the counterpoise goes upwards, but it is prevented from moviug in 
the opposite direction. The other lever is not so restricted, but it is prevented from 
moving so that its weighted arm becomes inconveniently depressed, by means of a fixed 
elbow p. The ease with which the axis i slides in its socket may be modified by 
another split collar q, which encircles a flange (also split) standing up from the circle- 
plate and binds it more or less tightly to the axis according to the manner in which 
the square-headed tightening screw is arranged. The collar is made to loosen readily, 
upon retrocession of the screw, by connecting the two projecting ends through which 
the screw passes, by a strong spring bent closely upon itself. 
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The gun-metal axis i is internally bored in the manner shown in fig. 2, the bore 
being fairly wide for the upper two-thirds of its length, but more constricted in its 
lower portion., in order to permit a central axis of steel r to slide in it freely but without 
lateralplay, independent rotation being likewise prevented by means of a groove and 
rib as in the case of the axis i. This inner steel axis carries at its lower extremity 
the crystal holder and the movements necessary for adjusting the crystal, and 
terminates at the upper end in a rapid-threaded screw. By means of a milled head * 
and attached nut t, which latter passes through the cap u closing the bore of the gun- 
metal axis i, the steel axis and the crystal may be raised or lowered so as to remove 
or approach the latter from or to the grinding plane, The emergent upper portion of 
the screw thread is protected by means of a tubular cap v, which screws down upon 
the milled head s. Over this cylindrical cap may be placed a short tube carrying 
above a brass cup, shown in fig. 1, which is inteuded for the reception of small shot or 
weights, whenever it is considered desirable to increase the pressure between the 
crystal and the grinding disc over and above that which can be effected by manipulation 
of the levers. 

The centering and adjusting apparatus carried at the lower end of the inner steel 
axis r consists of two centering motions, acting in directions at right angles to each 
other and actuated by milled-headed traversing screws, and two circular adjusting 
motions of the type first employed by von Lang, actuated by tangent screws also 
arranged at right angles to each other. These movements are constructed rather 
more strongly than for ordinary goniometrical purposes. For centering, an arrangement 
has been adopted which has been employed for some time by the firm of Troughton and 
Simms for centering purposes, and which was used by them in the vertical circle 
goniometer described by Mieks.* This arrangement affords greater strength and is 
less liable to develop looseness than the usual rectangular form. The centering is 
attained by the relative movement of two circular discs w, x about each other, and of 
these two about a third y. The third disc y is rigidly fixed to the lower end of the 
steel axis r by means of the bridge z. The second disc x is pivoted to y at a point 
near the circumference, and the movement of x about y is limited by means of a pin 
screwed into x and passing through a curved slot, concentric to the pivot, cut out of 
y, close contact of the two discs being maintained by means of a spring washer, 
pressed between the broad head of the pin and the disc y. The rotation of x about 
the pivot is effected by means of the upper milled-headed traversing screw, which is 
arranged along the diameter at right angles to that joining the pivot and the pin and 
passes under the bridge z. The end of the screw presses against a short upright 
fixed to the disc x and passing through a central hole in y, and the upright is main¬ 
tained pressed against the end of the screw during retrocession by a piston and spring 
arrangement tv' similar to that employed in the fine adjustment of the circle. The 
lower disc w is made capable of rotation about the central disc as in a precisely similar 

* ‘ Mineralogical Magazine,’ March, 1891, p. 214. 
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manner, by means of a milled head x', but in a direction at right angles to that 
brought about by the movement of the upper screw. 

The adjusting movements y and z are the usual pair of circular motions employed 
on the most accurate goniometers, brought about by endless screws and segments of 
wheels, arranged at right angles to each other. They are constructed more strongly 
than usual, and particular care has been taken that the axes of the two movements 
are as nearly as possible crossed at 90°. An innovation is introduced, however, 
in order to be able to adjust the crystal so that any desired direction in it may 
be exactly parallel to the grinding plane. This consists in graduating the move¬ 
ments. Upon one cheek of the guiding frame of each segment a silver plate of 
the same curvature is fixed, carrying engraved graduations reading to single degrees. 
The movable segment itself, actuated by the milled-headed tangent screw, carries at 
the centre of its arc, and brought out to the side flush with the scale, a silver 
indicator upon which a zero mark is engraved. The graduations and the zero mark 
are so fine that, with the aid of a pocket lens, ten minutes of rotation can with ease be 
accurately estimated. The scale graduations commence from the centre and extend 
for a little over 35° on each side. Hence, when the segments are in the normal 
position, their ends flush with those of the guiding frames, the indicators point to 0° ; 
the amount of movement of either segment, brought about by rotation of the 
corresponding tangent screw, on either side, is consequently at once given by the 
scale-reading to which the indicator carried by the moving segment points. 

In addition to this pair of circular adjusting movements whose planes are fixed at 
right angles to each other, another pair is provided in which the planes of circular 
motion may be arranged at any desired angle to each other. This alternative 
adjusting arrangement is useful in certain rarer cases of crystals of monoclinic 
symmetry, in which faces are not developed which would lend themselves readily to 
the adjustment of the desired axis of optical elasticity by means of circular motions 
in planes at right angles, and also for use, if preferred, with triclinic crystals. The 
same centering arrangement is employed. It is only necessary to remove the ordinary 
rectangular adjusting apparatus by taking out the four screws which fix its brackets 
to the lower of the three centering discs, by means of a convenient screw-driver 
supplied, and to replace it by the alternative apparatus, the screw-holes in whose 
brackets are likewise made to correspond exactly with the tapped holes of the disc. 
Fig. 3 represents it in position. The lower circular movement is made capable of 
rotation in a horizontal plane about the upper, and the amount of rotation is registered 
by a silver divided horizontal circle fixed to the upper segment, and four indicators 
arranged at 90° apart carried by a disc rigidly attached to the guiding arc of the 
lower segment and rotating in close contact with the circle. In order to afford room 
for the introduction of the two discs the upper segment is made of somewhat larger 
radius than in the ordinary adjusting apparatus. The circle is divided, like the 
graduated arcs of the circular motions, into single degrees, and ten minutes can be 
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easily estimated. When any of the indicating marks are brought opposite the zero 
of the cirole the movements are either parallel or crossed at 90°, so that when the 
movements are otherwise inclined the inclination is immediately given by the circle 
reading indicated. The lower movement may be clamped to the upper one in any 
position by means of a double tightening screw, which fixes the indicating disc to the 
circle, and which can be manipulated from either side by means of a key supplied. 


Fig. 3. 



The crystal is directly attached, by means of a readily fusible but quickly and 
rigidly setting wax, to a small holder consisting of a brass disc deeply cross-grooved 
cm the under side in order to prevent the slipping of the wax ; to the centre of the 
disc a short steel rod is attached, which slides easily in a hole bored in the centre of 
the under surface of the lowest segment of the adjusting apparatus, rotation being 
again prevented by grooving the rod and fixing a corresponding rib in the hole. 
Two such holders are provided, one whose disc has a diameter of f inch and another 
of J- inch, in order to suit smaller and larger crystals. The smaller one is seen in 
position in fig. 1, and the larger one lies on the circular base-hoard Bomewhat to the 
left. In addition to these, two special holders are provided, one of which permits of 
a certain amount of rotation of the crystal, in order to be able to adjust any face 
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parallal to one of the tangent screws, and the other, of more complicated structure, 
is employed for the purpose of grinding a second surface parallel to one already 
ground. These will be described at a later stage. 

The telescope and collimator are carried upon rigid supports which slide upon a 
circular guiding bed, whose centre of curvature lies on the vertical axis of the 
instrument. The use of three columns instead of four for the purpose of carrying 
the circle and suspended axis is of advantage, inasmuch as it enables nearly 120° of 
guiding bed for the optical tubes to be employed, and permits of arranging them in 
the same straight line so as to directly view the slit whenever desired. The sliding 
bases of the supports for the optical tubes are maintained firmly pressed against the 
circular steel guides by means of slightly curved springs placed between the edge of 
the latter on the inner side and the rabbet of each sliding base. Both telescope and 
collimator are capable of being adjusted to the same horizontal plane, perpendicular 
to the axis of rotation of the instrument, towards which also the optical tubes can be 
precisely directed. For this purpose the main outer tube of each carries a collar, 
which is screwed to the stouter collar of the support by means of two adjusting 
screws arranged near the extremities of the vertical diameter; these enable the 
altitude to be slightly varied ; a third adjusting screw on one side at 90° from the 
others enables adjustment for azimuth to be effected. Both telescope and collimator 
are capable of sliding in the outer tube, so as to be approached nearer to or receded 
from the crystal; they may be fixed in any desired position by means of split rings 
tightened round the outer tube of each, which is also split for a short distance, by 
means of a tightening screw. The telescope is capable of accurate adjustment for 
parallel rays, the eyepiece being carried in an inner draw-tube; the cross wires are 
placed in a short tube forming a continuation of the latter, to which it is attached by 
means of a fine screw thread, which permits of* the necessary focussing of the cross 
wires. By means of a split-ring collar furnished with clamping screw and cariying a 
small projecting wedge which fits into a corresponding notch in the objective tube, the 
eyepiece may be fixed, after adjustment, so that the two clearly defined cross wires 
are. respectively vertical and horizontal and a distant object is clearly focussed. In 
front of the objective a movable lens is carried, capable of rotation upon a pivot 
fixed to the objective frame, of such foous that when rotated into position the 
telescope is converted into a low-power microscope, the focus of which is occupied by 
the crystal, which is consequently well defined in the centre of the field. The 
collimator carries at the end of an inner draw-tube a slit of the form devised by 
Websky, produced by employing portions of two circular metal discs as jaws instead 
of straight edges. This form of slit combines the advantages of a narrow central 
portion, which can be adjusted to a cross wire with the greatest aocuracy, with 
wider ends which pass more ight. The inner tube which carries the slit is provided, 
like the eyepiece tube, with a split-ring collar carrying a wedge which fits into a 
notch in the Wider tube carrying the collimating lens, so that the slit may be fixed 
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after adjustment to the focus of the Jens and to the vertical position. Both telescope 
and collimator may he fixed at any angle to each other, in any position upon the 
airoular guide, by means of clamping screws passing through the rabbeted base of 
each support and actuated in each case by a short lever. 

The grinding plane consists of a circular disc of ground plate-glass, mounted in a 
strong supporting disc of brass with raised edges, bevelled upon the outside. Hie 
finely ground surface of the glass is made as truly plane as possible. The brass 
supporting disc is screwed beneath concentrically by three sorews to a pulley firmly 
fixed to the stout axis of rotation; the latter projects a little above the upper, plane 
surface of the pulley, so as to fit tightly into a central hole bored in the under side 
of the brass supporting disc, which ensures the attainment of concentricity, and 
passes downwards into a rigid cylindrical bearing. The axis of rotation is carefully 
fixed truly perpendicular to the pulley and the grinding plane. The adjustment of 
the latter exactly perpendicular to the axis of rotation of the circle is provided for in 
the mode of supporting the cylindrical bearing. From the upper part of the bearing 
radiate three legs, terminating in strong levelling screws, which rest directly upon 
the metal base. The bearing itself passes down through a fairly wide hole in the 
base, which is raised somewhat from the supporting wooden base (intended for the 
reception of a protective glass shade when the instrument is not in use) and which is 
also somewhat hollowed underneath to afford room for the purpose; some little 
distance below the metal base the bearing cylinder terminates in a broad head, 
between which and the under surface of the base a strong spiral spring is confined, so 
that the ends of the three levelling screws are pulled tightly down upon the base. 
The axis of the grinding disc is prevented from rising in the cylindrical bore of the 
bearing by means of a suitable flange, and both the broad upper end of the bearing 
and the boss of the pulley which bears upon it are worked quite plane. A small 
quantity of lubricating oil can be introduced into the bore of the bearing by means 
of a small l)ent side tube which rises from it at a convenient angle. The grinding 
plane thus rotates without a trace of wobbling, and with a minimum of friction. 
The rotation is effected by means of the pulley seen to the right in fig. 1, whose 
diameter is about the same as that of the grinding disc. This pulley is mounted in a 
true bearing upon a stable fixed support, which raises it to the same height as the 
smaller pulley fixed to the brass disc which supports the grinding plate, and is 
provided with an ivory handle, fitted loosely upon a vertical rod furnished with suit¬ 
able head. In order to equalise the pressure on both sides of the axis of the grinding 
disc a third pulley, of the same size as that beneath the latter, is introduced to the 
left, similarly fitted to the large driving pulley, but without handle. The band of 
strong cat-gut crosses on each side of the central pulley, and provision is made for 
tightening it wheuever necessary by making the support of the third pulley capable 
of a certain amount of sliding in a short slot in the metal base, rigid fixation in the 
desired position being effected by means of a strong broad-headed screw manipulated 
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from underneath the base. The rotation of the grinding disc is thus brought about 
in a steady and almost Motionless manner upon turning the driving pulley by means 
of the handle. For each rotation of the driving pulley the grinding disc rotates 
twice, a gain of speed which is not too great to permit of careful watching of the 
progress of the grinding, and quite sufficient to enable the grinding to be achieved as 
rapidly as possible without the crystal becoming unduly heated, which, if it had no 
injurious effect upon the crystal itself, would soften the wax in which it was held, 
and thus bring about movement of the crystal. 

The surface of the grinding plane may, of course, be ground with any desired 
degree of fineness. It is a great advantage to have two such planes, the seoond one 
being fitted over the one just described in a manner which enables it to be readily 
removed and replaced as desired. The permanent one may then be ground so finely 
that it is all but perfectly transparent, and employed exclusively for giving a final 
polish to the surface of the crystal ground by the other plane; the latter may be 
relatively much rougher, a surface similar to that of the finer varieties of photographic 
focussing screens being suitable. This second prinding plane is seen reared up 
against the base to the right in fig. 1. It consists of a thick disc of plate glass, both 
surfaces of which are ground to a true plane, and are truly parallel to each other, the 
upper surface having the texture just indicated. It is slightly larger than the fixed 
disc, and is mounted in a narrow but strong brass frame which carries three small 
projecting pieces corresponding to a similar three projecting horizontally from the 
permanent brass disc which supports the polishing plane. Through a tapped hole in 
the centre of each projecting piece carried by the frame of the grinding disc is 
screwed a short screw ; when this disc is laid upon the polishing plane, glass to glass, 
the narrow metal frame of the grinding disc lying outside the circle of the polishing 
disc, the three screws are arranged to pass easily through three holes in the projecting 
pieces of the polishing disc. By means of three small milled nuts, seen lying near 
the grinding disc in fig. 1, the two discs can be rigidly fixed together. Removal of 
the grinding disc can very rapidly be effected by placing a little glass crystal¬ 
lising dish partly under it, bringing each screw over the dish in turn, and with one 
finger giving a good twist to the little nut, when it almost immediately drops into 
the dish. 

After a few weeks’ use the rough grinding plane becomes smoothed down and ceases 
to grind with its former rapidity. It will be observed that, for obvious reasons, the 
grinding table is so arranged that the grinding will occur somewhat near the circum¬ 
ference of the disc. By making use of the centering motions above the crystal, the 
position of the latter may be varied upon the grinding plate; as one part beoomes 
smooth the other parts of greater and less radius may be used. When the width of the 
smoothed annulus becomes inconvenient the plate may be re-ground in a very simple 
mauner. In front pf the instrument in fig. 1, very slightly to the left, is seen a 
thick disc furnished with a central handle. The disc is one inch in diameter and its 
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sarfaoe on the side upon which the handle is not placed is made a true plane. A 
disc of the finest emery cloth is cemented to it by a thin film of any suitable liquid 
cement. The surface of the grinding disc is moistened with turpentine, and the 
little emery plane is moved to and fro diametrically over it; the surface thus ground 
bites better in grinding a'crystal and does not produce striae upon the crystal surface 
so much os when the grinding is done concentrically. 

The instrument is conveniently mounted upon a rigid rectangular box, which is 
best not quite so broad as the mahogany base-board, in order that the telescope may 
be at the height of the observer’s eye when seated, and that the eye may be 
conveniently approached quite close to the eyepiece. 

As the instrument is usually employed in a darkened room or at night a lamp is 
required. The table lamp, fitted with the most recent rare-earth mantle and burner, 
and with an opal shade, supplied by the Incandescent Gas Light Company, is 
admirably adapted, especially when it is arranged to be able to lower the flame till it 
is all but extinguished, and to instantly raise it again as often as may be desired by 
means of a lever-tap fitted with stop-pin, and fixed within reach under the table. 
An electric incandescent lamp manipulated by a table switch is equally suitable. 

In addition to the above table lamp a goniometer lamp is required. One which 
has been specially constructed to meet the requirements of goniometrical work is 
employed by the author. It is shown in the background in fig. 7 of the communica¬ 
tion concerning the new monochromatic light apparatus (p. 933). A mantle and burner 
with glass or mica chimney, similar to that of the table lamp, but fitted in addition 
with hy-pass, are supported upon an arm capable of sliding upon a tall standard and of 
being fixed at any height by means of a clamping screw. The observer is shielded 
from the brilliant light by means of an enveloping copper cylinder supported in a 
ring, whose arm is likewise capable of sliding along and of being clamped to the 
standard, a counterpoise being provided to facilitate the sliding. A circular aperture, 
inch in diameter, is cut in the cylinder at a little more than one-third of its 
height. The slider which supports the cylinder is first adjusted so that the aperture 
is opposite the end of the collimator, and the slider which supports the lamp is then 
adjusted so that the brightest part of the mantle is opposite the centre of the 
aperture and the slit of the collimator, and in a continuation of the axial line of the 
latter. During the goniometrical operation of bringing an image of the slit, reflected 
from a crystal face, to the cross-wire of the telescope, the table light is switched off 
and the observer is shaded from stray light from the aperture of the copper cylinder 
by means of a screen enveloping the half of the instrument nearest the lamp, and 
which is pierced by a hole for the passage of the collimator. In order to read the 
vernier the table light is temporarily switched on; it is again turned down while 
bringing the next image to the cross-wire, and so on, the operations of switching on 
and off being readily performed with one hand, while using the other in manipulating 
the instrument and recording the readings. When the goniometrical observations 
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are concluded the table light is switched permanently on for the operation of 
grinding. 

Adjustment of the Instrument. 

It will have been observed that every part of the instrument is provided with its 
own means of adjustment, in order to be capable of accurately performing the duties 
relegated to it. 

The adjustment of the telescope exactly perpendicular to the vertical axis of 
rotation is performed in the usual manner, after clearly focussing a distant object, by 
so manipulating the two adjusting screws arranged in the vertical diameter of the 
collar that the images of the cross-wires reflected in succession from the two surfaces 
of a small mirror silvered on both sides, and carried upon the crystal holder instead 
of a crystal, or from two brilliant parallel faces of an opaque crystal, can be made to 
coincide with the wires themselves as seen through the telescope. The telescope 
then requires to be further adjusted for azimuth; that is, its axis must be directed 
right at the axis of rotation, so as to intersect the latter. In order to effect this the 
crystal holder is replaced by the short pointed rod seen to the extreme left of the 
base-board in fig. 1. This is centred by use of the centering movements, so that 
when observed through the telescope, arranged as a microscope by addition of the 
movable lens, the point appears stationary upon rotating the axis. The lateral 
adjusting screw of the telescope collar is then so manipulated, if alteration is 
necessary, that the point occupies the centre of the field. 

The adjustment of the collimator is then readily effected by manipulating the screw 
of its collar so that the image of the slit, illuminated by the goniometer lamp, seen 
directly by arranging telescope and collimator in the same straight line, is clearly 
focussed, perfectly upright, and is bisected at its narrowest central point by the 
horizontal cross-wire. 

The adjustment of the grinding surface parallel to the plane of the axes of the 
telescope and collimator, and therefore perpendicular to the vertical axis of rotation, 
is achieved in the following manner. It is first ascertained that, for all positions of 
the collimator and telescope along the circular guiding bed, their plane remains 
perpendicular to the axis of rotation which carries the crystal. The telescope is then 
fixed at the extreme right of its guiding bed, almost touching the pillar, and the 
collimator brought to the nearest end of its guiding arc, the angle between the two 
optical tubes beiug thus about 120°. A glass cube or prism, of about 1 inch side, and 
of which two faces are ground quite plane, and are accurately inclined at 90°, is next 
required. By goniometrically testing a few glass models of cubes or prisms, or a 
number of rectangular reflecting prisms, one can usually be found which exhibits two 
faces inclined at 90° to within a very few minutes. A small cubical glass ink-well 
was found to possess two faces inclined at 89° 58', and answers the purpose admir¬ 
ably. If available, a large natural crystal which exhibits two such faoes free froin 
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distortion is better still, as being probably within one or two minutes of 90°. The 
object chosen is placed near the edge of the grinding disc, resting upon one of the 
true surfaces. It is so arranged that the other surface, inclined at 90°, reflects the 
image of the curved slit of the collimator, illuminated by the lamp, along the axis of 
the telescope. It is then observed whether the image of the slit is bisected by the 
horizontal cross-wire, as it ought to be if the grinding plane is parallel to the plane of 
the optical tubes. If this is the case, it only proves that the particular 1 diameter of 
the grinding plane which is parallel to the normal to the reflecting face is correctly 
adjusted; the plane may still be tilted about this diameter. A second observation, 
with the reflecting object rotated on the fixed plane for about a right angle, is 
necessary to ascertain this. The telescope and collimator are therefore moved round, 
each about 90° upon their guiding arcs, the lamp is also correspondingly moved, and 
the reflecting object is likewise moved round until the image of the slit is again 
observed in the centre of the field. If in both positions the image is symmetrical to 
the horizontal cross-wire, the parallelism of the grinding surface and the plane of the 
optical tubes is established. The test is still more delicate if the slit is arranged 
horizontally instead of vertically. If in either or both of the positions the image is 
not symmetrical to the horizontal spider-line, the levelling screws of the grinding 
table must be adjusted, by means of a tapering steel rod supplied, slightly bent near 
one end so as to permit it to be inserted more conveniently into the holes of the screw 
heads, until such is the case. 


The Grinding of the First Surface of a Section-plate. 

In describing the mode of grinding the first surface of a section-plate, it will be 
convenient to consider four typical cases, taken from biaxial crystals, which will 
illustrate the uses of the various movements provided with the instrument. 

1. The simplest case is that of a crystal belonging to the rhombic system which 
exhibits a well-marked zone comprising two pairs of pinacoid faces, or a pair of 
pinacoid faces and faces of the basal plane, together, perhaps, with interlying prism or 
dome faces, or consisting of prism or dome faces alone. Let the axis of this zone be 
the median line to which it is desired to grind a section perpendicular, such a section 
not being available ready formed owing to the absence or inadequate development of 
faces (pinacoidal or basal) parallel to the plane in question. The crystal is cemented 
upon the holder by means of the easily fusible but rapidly setting wax, previously 
referred to; it should be well embedded in the wax, which should also be pressed 
closely round it and into the grooves of the holder while warm, attention to these 
points being essential in order to avoid fracture during grinding. The crystal is 
arranged with the zone of faces referred to parallel to the axis of the holder, so that 
when the latter is fixed in its socket the zone is approximately vertical. The 
telescope is then fixed in a convenient position fronting the observer, the collimator at 
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an angle of 90°-120° from it, and the goniometer lamp in front of the slit. The zone 
of faces is then adjusted in the ordinary goniometrical manner with the aid of the 
centering and adjusting movements, so that the images of the vertically-arranged slit 
reflected from the various faces of the zone are bisected by the horizontal spider-line 
upon rotation of the crystal and all that moves with it by means of the ebonite 
milled disc. The plane which it is desired to grind will then be parallel to the 
grinding disc. Even in this simple case the graduations of the circle are valuable, as 
enabling the observer to make quite certain, by taking the angular distances of the 
faces, that the adjusted zone is really the one which it was desired to so adjust. 

During these operations, any vertical motion of the crystal, in order to raise or 
lower it to the height of the axis of the optical tubes, is brought about by movement 
of the inner steel axis r by means of the milled head at the top of the axis, the gun- 
metal axis i being fixed, the elbow p of the lever carrying such being kept down upon 
the circle plate. The other lever should be adjusted to rest approximately horizontally 
by suitably arranging the screw o. It will now be found that while the elbow of the 
front lever rests upon the circle, its short curved arm is alone supporting the axis, the 
terminating blunt knife-edge of the short arm of the horizontal lever being, perhaps, 
a quarter of an inch below the collar fixed to the axis. By allowing the elbow lever 
to rise, gently assisting it at first, the axis falls until at length its collar likewise rests 
upon the knife-edge of the horizontal lever, when any further downward movement of 
the axis occurs with practically the whole weight counterbalanced by both levers. 
About this point the weight above the crystal can be varied almost to any extent, 
according to the judgment of the manipulator as to the strength of the crystal. The 
grinding plane should now be fixed in position over the polishing plane, and a few 
drops of sweet oil placed upon it. The oil should be evenly distributed over the 
marginal portion of the grinding surface, where the grinding occurs, by means of a 
camel -hair brush, carried by a small movable stand ; the brush also serves the purpose 
of sweeping the plane in front of the crystal. 

The inner steel axis r is then lowered by means of the upper milled bead until the 
crystal is not more than an eighth of an inch above the grinding surface, keeping the 
left hand upon the lever so that its elbow still rests upon the circle plate. The lever 
is then gently assisted upwards, its rapidity being kept under full control until the 
crystal just touches the grinding disc, when rotation of the latter may be commenced, 
very slowly at first. If the crystal is not extremely friable the horizontal lever may 
be allowed to remain out of action till the grinding is nearly finished, for the collar of 
the axis will still be more than one-sixteenth of an inch higher than the knife-edge of 
that lever. The maximum pressure on the crystal will therefore be equal to about 
half the weight of the axis, and a very large number of artificial crystals will not 
break under this pressure. The weight with which the crystal bears upon the 
grinding disc can, however, be beautifully regulated by gently holding the counter¬ 
poise of the lever between the thumb and first finger of the left hand, steadying the 
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hand, if necessary, by resting the little finger upon the top of the left column. One 
Can detect so accurately by the delicate sense of touch how the grinding is proceeding, 
whether the crystal is bearing it easily, or whether there is too much strain, and can 
either reduce the pressure by gently adding to the weight of the lever by slight 
downward pressure of the finger and thumb upon the counterpoise, or can increase it 
by exerting a slight upward pressure, and thus diminishing the counterpoising effect. 
Moreover, as the crystal is ground away, one is able to preserve contact with the 
grinding surface by the same slight upward pressure upon the lever, which, even 
when very friable crystals are under operation, may be safely exerted at frequent 
intervals. With fairly hard crystals (potassium sulphate, for instance), the effect of 
the counterpoise may be entirely removed every few seconds by lifting the lever out 
of action, without fracturing a good specimen, provided the rotation of the grinding 
surface is steady and its rate does not exceed two revolutions per second. For stiU 
harder crystals, those that are only just softer than glass, the cup at the top of the 
axis may be weighted with more or less small shot or other convenient weighting 
material, but the grinding must be slow, and carefully watched. If, on the contrary, 
the crystal is soft or brittle, both levers must be brought into action, the horizontal 
one by lowering its screw support, and the pressure regulated as before by manipula¬ 
tion of the elbow lever. If cleavage is largely developed there is less chance of 
splitting if the grinding is made to occur in the direction of the trace of the cleavage 
plane, and not at right angles to it. 

It is best in all cases to finish grinding with both levers in action, as the relative 
coarseness of the ground surface is rendered considerably smoother thereby, and the after 
polishing is much more rapidly achieved. The crystal holder may at. any time be 
removed in order to inspect the ground surface, and to see whether grinding has 
proceeded sufficiently far, without any danger of disturbing the adjustment, the groove 
in the rod of the holder running tightly along its guiding rib. When this is the 
case, and the final gentle grinding has been done, it is advisable, before removing the 
grinding plate, to again test the correctness of adjustment of the crystal in order to 
be certain that no movement has occurred during the grinding. The crystal is well 
cleansed from oil with a silk handkerchief, the goniometer lamp, whose small by-pass 
has been left burning, is re-lit, and the images from the various faces of the adjusted 
zone are reviewed. If they are still, as is usually the case, symmetrical to the 
horizontal cross-wire, polishing can be proceeded with ; if there is any slight evidence 
of movement, due, perhaps, to softening of the wax by the heat caused by too rapid 
grinding, the crystal must be re-adjusted, again ground for a minute or so, and the 
images again reviewed, when they should be perfectly satisfactory. The grinding 
plate is then removed, and the polishing performed upon the lower permanent 
polishing disc, likewise lubricated with oil, the same method of manipulating the 
elbow lever according to the “ feel ” of the polishing being followed. As a rule, the 
grinding need not occupy more than fifteen minutes, and the polishing five; polishing 
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for this length of time usually furnishes a surface almost like that of ordinary glass, 
and is of great value, as it enables measurements of the optic axial angle to be made 
without the use of cemented dover-glasses. 

It is so easy to give a last glanoe at the images from the adjusted zone after 
polishing that it should always be done, for one is then absolutely certain that the 
desired surface has been obtained. It may be remarked that the use of a solvent for 
the crystal as lubricating liquid is to be deprecated, as it destroys the faoes of the 
crystal, and so prevents the possibility of thus checking the adjustment. 

2. As the seoond typical case, a monooliiiic crystal may be considered, for which 
determinations of extinction (for sodium light) in the symmetry plane, whioh i 
considered to be developed as a prominent face, and an examination of the same plane 
in convergent polarised light, have been carried out. These, it may be supposed, 
reveal the fact that one of the median lines perpendicular to which we desire to grind 
a surface, is inclined at a certain angle smaller than 45° to the intersection (edge) of 
the symmetry plane with either a prism, orthopinacoid, or dome face, or the basal 
plane. Four operations are necessary in order to adjust such a crystal so that this 
known direction of the median line shall be perpendicular to the grinding plane. The 
crystal must first be cemented upon the holder in such a manner that the zone of 
faces parallel to the edge just mentioned is approximately perpendicular to the 
grinding plane; suppose,'for instance, it is the prism zone of faces parallel to the 
vertical axis, containing the symmetry plane (clinopinacoid), the orthopinacoid, and 
several prismatic forms. The symmetry plane must, in the second place, be made 
exactly parallel to the upper tangent screw of the adjusting apparatus. The whole 
zone should, in the third place, be exactly adjusted perpendicular to the grinding 
plane. It then only remains to carry out the fourth operation of rotating the tangent 
screw so as to move the segment round the required number of degrees to bring the 
direction of the median line exactly perpendicular to the grinding plane; for, as the 
symmetry plane is parallel to the screw, and hence to the circle of motion, it remains 
perpendicular as a plane, and we only require to rotate it until the desired direction 
in it is perpendicular to the grinding plane. 

For use in all cases in which it is required to adjust any crystal face parallel to a 
tangent screw a special crystal holder is provided, which permits of nearly 90° of 
rotation of the crystal after placing in its socket, and subsequent fixing in any position. 
The two parts of this holder are seen in fig. 1, to the left of the larger ordinary holder, 
recognized by its cross grooves; it is also shown in position in fig. 3. It consists of a 
grooved steel rod, similar to those of the other holders, carrying below a small solid 
brass cylinder. The latter fits closely into an outer hollow cylinder, closed below; the 
outer side of the end is cross-grooved like the discs of the other holders, for the more 
secure holding of the wax with which the crystal is to be cemented on to it. This 
hollow cylinder is pierced by two horizontal slots of slightly more than 90° extent), 
on opposite sides of the cylinder, and at different heights, for reasons of strength. The 
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miter cylinder is held in position round the inner one by small milled-headed screws 
passing through the slots and screwing into the solid cylinder at opposite sides, the 
direction of the screws being approximately parallel to the upper tangent screw 
when the holder is fixed in its socket. After adjustment of the crystal these screws 
can be used as clamping screws to fix the outer cylinder rigidly to the inner core. 

In order to carry out the four operations above specified, the crystal is cemented in 
the usual manner to the end of the hollow cylinder of the special holder, with the 
zone of faces to be adjusted placed approximately parallel to the axis of the cylinder, 
and with the olinopinaooid, the symmetry plane, arranged not very far from parallel to 
the direction of the clamping screws arranged at the centres of the slots. The wax 
employed sets so rapidly that there is only time to make the roughest approximation 
to this position, which, however, is all that is necessary. The operation may be con¬ 
veniently carried out with the inner cylinder inserted. For the purpose of adjusting 
a face exactly parallel to either tangent screw, a small plate of microscope cover-glass 
is cemented to the face of the lowest portion of the lower segment, immediately 
above the position to be occupied by the crystal holder, and parallel to the plane of 
movement of the segment. Before attaching the cylindrical crystal holder the axis is 
lowered until the glass plate is about the height of the axes of the telescope and 
collimator, the image of the slit reflected from the surface of the plate is adjusted to 
both cross-wires, and the reading of the circle for this position recorded. The cylin¬ 
drical holder is now attached, the circle is set to the recorded reading if the face is 
to be adjusted parallel to the lower tangent screw, or at 90° from that position if 
the face is to be made parallel to the upper tangent screw, the outer cylinder of the 
crystal holder is rotated until the image of the slit reflected from the face is bisected 
by the vertical cross wire, and the tangent screw at right angles to the face is 
manipulated, if necessary, so that the image is also bisected by the horizontal cross 
wire. The cylinder is then fixed to its core by means of the small clamping screws. 

Having in this manner adjusted the clinopinacoid parallel to the upper tangent 
screw, the third operation of adjusting the other faces of the zone perpendicular to 
the griuding plane is then carried out by use of this upper tangent screw. Lastly, 
the whole zone now being exactly perpendicular to the grinding plane, the reading of 
the scale of the upper segment is noted, and the tangent screw is worked until the 
segment has moved over the required arc (the angle of extinction with respect to the 
axis of this zone) correctly set to within ten minutes, when the direction of the median 
line will likewise be perpendicular to the grinding plane. Grinding and polishing is 
then carried out precisely as in the first case. 

8. The case may next be considered of a rhombic crystal which only exhibits one of 
the three principal planes parallel to two of the crystallographic axes, the remaining 
planes being of prismatic, domal, or pyramidal character. Suppose, for instance, the 
only faces exhibited are those of the basal plane and four prism faces belonging to the 
same form, and that it is desired to grind a plane parallel to one of the undeveloped 
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pinacoidal faces. The basal plane is Bet parallel to the upper tangent screw, and the 
zone containing it and one pair of prism faces is adjusted perpendicularly in the 
manner previously described. Knowing the angle between the prism faces from a 
previous goniometrical measurement, the upper tangent screw is rotated in the proper 
direction until the segment has described an angle equal to half the goniometrical 
angle between (the normals to) one of the adjusted pnsm faces and an adjaoent prism 
face not so adjusted, when the theoretical pinacoid will be parallel to the grinding 
plane. If sufficient rotation cannot be effected by starting from the neighbourhood of 
zero, the preliminary adjustment of the zone is carried out with the segment rotated 
well over in the contrary direction, when an ample amount of rotation will be 
available. 

The case of a rhombic crystal exhibiting none but dome forms—a rectangular 
pyramid—is to be similarly treated, the only difference being that one of these faces 
is to be set parallel to the upper tangent screw instead of the basal plane or pinacoid 
in the simple case just considered, and after adjusting perpendicularly the zone con¬ 
taining this face and an adjacent one, or, in other words, the edge between these two 
faces, and rotating both segments by means of the tangent screws for the calculated 
number of degrees, the plane containing the two crystal]ographical axes parallel to 
which it is desired to grind a surface will be parallel to the grinding disc. 

4. For the case of a monoclinic crystal which does not exhibit the clinopinacoid 
(the symmetry plane), but only prism faceB in the principal zone, the special form of 
adjusting apparatus represented in fig. 3 will be found useful. The usual course of 
grinding a section parallel to the symmetry plane can first be carried out, by simply 
adjusting parallel to the axis of rotation of the instrument the zone of faces perpen¬ 
dicular to the symmetry plane containing the basal plane and orthodomes. The 
results of the stauroscopicai observations with this section will, of course, reveal the 
positions of the axes of optical elasticity. Suppose it is, then, desired to grind a 
section perpendicular to that axis of optical elasticity which is inclined at an angle 
less than 45° to the vertical axis of the crystal. If the clinopinacoid were developed 
this could readily be carried out by the method of Case 2 ; if the orthopinacoid were 
present there would also be no difficulty, for if that were set parallel to the lower 
tangent screw, and the zone of prism and orthopinacoid faces adjusted perpendicular 
to the grinding plane, the direction of the axis of optical elasticity could be brought 
vertical by rotation of the upper tangent screw, which is set at right angles to the 
lower one, and therefore parallel to the symmetry plane. As, however, there are 
only prism faces present in the vertical zone, symmetrically inclined to the symmetry 
plane, it is evident that the two circular motions fixed at right angles will not 
directly enable the axis of optical elasticity to be brought vertical. But the necessary 
rotation of the symmetry plane in its own plane can evidently be effected by two 
equal motions in planes equally inclined to the symmetry plane. The special 
adjusting apparatus, in which the plane of the lower circular motion can be set at 
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any desired inclination to the plane of the other instead of being fixed at right angles, 
enables this to be carried out. It is only necessary to set the two motions parallel to the 
two faces of a prism of the same form, one on either side of the symmetry plane, and 
to rotate the segments by means of the tangent screws for the calculated number of 
degrees. The calculation is a very simple one, the total amount of desired rotation 
in the symmetry plane (the extinction angle) and the inclination of the two circular 
motions to that plane being known. In order to set the motions parallel to the two 
prism faces, it is sufficient to set one parallel in the usual manner to the lower 
tangent screw, then starting with the motions parallel, the indicator at zero, to 
rotate this lower motion about the upper for the number of degrees (read upon the 
small horizontal graduated circle which registers the rotation) corresponding to the 
known angle of the prism. In order to be able to carry out this adjustment easily, it 
is advisable to take somewhat more than the usual care to cement the crystal upon 
the holder so that the prism zone is as nearly as possible in the approximately correct 
position parallel to the axis of the holder, so that very little preliminary adjustment 
is necessary before rotating the segments for their calculated arcs. 

The same adjustment may be attained even more easily by employing this alter¬ 
native pair of circular motions in another manner. One of the prism faces is set 
parallel to the lower tangent screw, and the lower .segment then rotated about the 
upper one, by means of the horizontal circle, for the number of degrees corresponding 
to the angle between the prism face in question and the symmetry plane, so that the 
plane of the upper circular motion will be parallel to the symmetry plane. The 
approximate preliminary adjustment of the prism zone parallel to the axis of rotation 
of the instrument is then rendered perfect by a few successive approximations with 
the two motions thus inclined. The axis of optical elasticity perpendicular to which 
a section is to be prepared may then at once be brought vertical with respect to the 
grinding plane by rotation of the upper segment for the number of degrees corres¬ 
ponding to the determined extinction upon the symmetry plane, that is, corresponding 
to the known deviation of the median line to be adjusted from the vertical axis of the 
crystal. 

The above four cases illustrate the possibilities of usefulness of the instrument, 
but it will rarely happen that the more difficult cases will have to be resorted to. 
Crystals will usually be found which exhibit primary faces which will enable the 
desired plane to be immediately set parallel to the grinding disc without any pre¬ 
liminary calculation. Even if such faces are only developed to the extent of a mere 
line, that is quite sufficient, for usually a reflection of the Websky slit will be afforded 
of sufficient brightness to enable the adjustment to be effected. The case of triclinic 
crystals is, of course, more difficult, and no general statement of their mode of treat¬ 
ment can be given; the plan of operations must be thought out for each crystal. 
With the information afforded by stauroscopical and convergent light observations 
through the various pairs of faces, an approximation to the positions of the axes of 
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optical elasticity can be arrived at and recorded upon the spherical projection of the 
crystal. It is then only a matter of interpreting the spherical projection mechani¬ 
cally, and utilising the movements provided with the instrument so as to bring the 
median lines perpendicular to the grinding plane. 

Grinding of the Second Surface Parallel to the First. 

Having thus ground the first surface of the plate, it now only remains to grind a 
second surface parallel to it. This may be done if desired with the aid of the apparatus 
supplied by Fuess, alluded to at the commencement of this communication. It can, 
however, be much more neatly and accurately achieved, and without the disagreeable 
noise made by the steel screws grating over the grinding plate, by use of the instru¬ 
ment now described, with the aid of a special crystal holder. 

The crystal is first detached from the holder upon which it has been fixed during the 
grinding of the first surface, by removing the wax around it with a penknife ; the 
hard-setting wax employed by opticians is very convenient, as a gentle pressure 
of the knife-blade under the crystal after removing the wax around its sides is 
generally sufficient to detach it intact and unsoiled by the wax. It is then cemented 
by its ground and polished surface to the centre of a circular glass disc, half an inch 
in diameter, cut out of the thinnest variety of microscope 3-inch by 1-inch slips, and 
with neatly ground circumference. Micro cover-glasses are too thin, they are too 
easily fractured. It is best to have a gross of glass discs made at once, cut exactly 
to the same size with the same tool, The cement used will depend upon the nature 
of the crystal. If it is an anhydrous salt which will not be likely to be injured 
by being raised to 60°-70°, Canada balsam, which has previously been heated for some 
days to about that temperature so that it sets immediately upon cooling, may be 
employed. With care the same mounting material may be used with many sub¬ 
stances which contain water of crystallization, and the grinding of the second surface 
can consequently be immediately proceeded with. It is safe, however, to employ 
balsam or other cement dissolved in a quickly evaporating solvent, such as a con¬ 
centrated solution of hard balsam in benzene, so as to avoid all risk, either of strain or 
of decomposition, by raising the temperature. Any good liquid cement which has 
effectual binding properties, hardens in a night, and is without action on the crystal, 
will answer the purpose, and a slight brown colour is no detriment provided it does 
not stain, for the well-polished section is to be unmounted again before use for the 
measurement of the optic axial angle. The disc upon which the crystal is mounted, 
after hard setting of the cement, is placed in the receptacle for it in the special 
holder, which will now be described. 

It consists of two parts, which are shown in fig. 1 in front of the base, very 
slightly to the right. The upper portion, which is represented nearest the front 
and most to the right in the illustration, consists of a thick brass disc, I inch 
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in diameter, resembling the one employed for re-grinding the surface of the 
grinding plate; one side of this disc is made a true plane, and to the centre of 
the other side the steel grooved attaching rod is fixed as in the other holders, 
special care, however, being taken to attain 90° exactly. Upon the side to which 
the rod is attached a shallow white metal cap is fitted and rigidly fixed by 
means of three small screws; it envelopes the thick disc down to half its depth and 
extends outwards for a quarter of an inch as a flange parallel to the plane surface. 
The flange is bored with three small holes at symmetrical points. The lower portion, 
constructed entirely of very hard white metal, resembles the cap in shape, and the 
uncovered lower half of the thick disc fits neatly in it; the outer flange is of like 
diameter and width to the one carried by the upper part of the arrangement, and 
carries three fixed projecting screws, which pass through the holes in the latter. In 
the centre of this lower cap a circular depression has first been braced out of such 
diameter and depth that any of the glass discs used for mounting the crystal will 
nicely fit in it, but cannot sink quite flush; a concentric hole of slightly smaller 
diameter has then been cut quite through. The thickness of the cap is such that 
the little annulus thus left to support the disc is only about the thickness of ordinary 
note paper. 

When it is desired to use the arrangement, the upper portion is placed in position 
beneath the ordinary adjusting motions at the lower end of the axis of the instru¬ 
ment, and the rod firmly fixed in its socket by means of the milled-headed screw. 
The axis is then lowered by means of the large milled head at its summit until the truly 
plane surface of the thick disc is within one-eighth of an inch of the grinding plane. 
It is then gently lowered by manipulating the near counterpoised lever until it all but 
touches the plane. By placing a white screen in the background the relatively large 
1-inch disc can be adjusted by means of the tangent screws, so that its truly plane 
surface is exactly parallel to the grinding plane, as evidenced by the equal thickness 
of the fine line of white background seen between the two planes upon sighting with 
the eye at the same level. This should also be the case when the axis and holder 
are rotated 90°, and, of course, likewise for all positions of the circle. The holder 
may then be removed from its socket; as its attaching rod is grooved and the groove 
is guided by a closely-fitting rib in the socket, the same position will be taken up 
when it is again placed in position. The disc carrying the cemented crystal is now 
placed in the circular depression of the lower part of the arrangement, crystal down¬ 
wards, so as to pass through the hole, care being taken that there is no cement left on 
the margin of the disc, where it is supported by the thin annulus. The upper part 
is then inserted and the two parts are screwed together by means of three small 
milled-headed nuts, seen in fig. 1 in the centre of the front of the baseboard, which 
engage with the screws projecting through the upper flange. As the upper surface 
of the glass disc is not quite flush with the inner surface of the lower cap, it is firmly 
pressed against the truly plane surface of the thick disc when the nuts are screwed 
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tightly down. Care should be taken that the slight space between the two flanges is 
equal all round. The whole arrangement is then again suspended from the axis of 
the instrument, and the grinding proceeded with until the section is sufficiently thin 
to exhibit the interference figure in convergent light. This may be ascertained without 
any disturbance of the adjustment by removing the holder from time to time from the 
axis, unscrewing the little nuts, taking out the glass disc carrying the section, and 
examining it upon the stage of the polariscope, or better, between the polarizing and 
analyzing tubes of the axial angle goniometer which is to be actually employed in 
measuring the axial angle. Grinding should cease when small rings are clearly visible 
round the hyperbolic brushes. When this is ascertained to be the case, the apparatus 
enclosing the section is again put together and replaced at the end of the axis, the 
grinding disc is removed, and the parallel surface well polished by use of the polishing 
disc. Provided care had been taken while cementing the crystal that the surface of the 
glass disc and the polished artificial surface of the crystal were truly parallel, that 
is, only separated by a very thin film of cement of equal thickness, the second ground 
surface will be truly parallel to the first. If the crystal is one of the first type, the 
parallelism can be verified while the holder is in position (after removal of the oil by 
a silk handkerchief) by observing whether the images of the slit of the collimator 
reflected from the faces on the edge of the section are symmetrical to the horizontal 
cross-wire of the telescope. 

The thinness of the sections which can be thus prepared is, of course, limited by 
the tenuity of the annulus which supports the glass disc in the holder; as the lattei 
is made so thin it will rarely happen that the double refraction is so powerful that a 
section cannot be ground sufficiently thin to exhibit small rings in convergent light. 
Whenever such is the case, however, the difficulty can be overcome by cementing the 
glass disc directly on to the truly plane surface of the thick disc. 

Sections prepared in the manner which has now been described will never fail to 
exhibit the interference figures precisely in the centre of the field of the polariscope 
For the purposes of the measurement of the separation of the optic axes the crystal 
plate may be unmounted from the glass disc, if desired, by dissolving off the cement 
with benzene or other solvent which does not attack the crystal. The highly- 
polished section may be conveniently cemented, at a suitable point about its edge, by 
means of a little marine glue (or other cement which resists the action of the highly- 
refracting liquid, a-monobromnaphthalene, in which the crystal is to be immersed for 
the measurement of the angle 2Ha or 2Ho), to the end of a small rectangular strip of 
thin glass, which can be held in the spring holder of the axial angle goniometer. 
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The Grinding of Prisms. 

Prisms, can be prepared by means of the instrument as readily as section-plates. 
The mode of setting any desired imaginary plane in the crystal parallel to the 
grinding disc, in order to grind a surface in that direction, will be clear from the fore¬ 
going. In the case of prisms two such surfaces are required, inclined at about 60° to 
each other. It is especially convenient that the two surfaces shall be equally inclined 
to one of the principal planes of optical elasticity, and this can be achieved in a very 
simple manner by use of the instrument now described. The most convenient mode 
of proceeding is to adjust this plane of optical elasticity parallel to the grinding 
plane, and the direction of the edge of the desired prism parallel to the lower tangent 
screw. Then, by movement of the upper tangent screw at right angles to the first, 
the corresponding segment may be rotated for an angle of about 30°, the exact 
amount of which should be noted. A surface is then ground and polished in this 
direction. As a movement of 120° would be required in order to bring the plane of 
the other desired surface parallel to the grinding plane if the same setting were 
retained, the crystal is unmounted. The hard black optician’s wax used lends itself 
particularly well to unmounting, for, after detaching the wax surrounding the crystal 
at the side with the point of a penknife, the crystal may usually be detached, intact 
and unsoiled by wax, by a gentle pressure. If this is not the case, the crystal is 
loosened by the application of benzene or other solvent incapable of attacking the 
crystal. It is then cleansed from oil by a silk handkerchief, and re-set upon the 
crystal holder, after turning over, so that the second surface may be conveniently 
adjusted. After the re-adjustment of the same plane of optical elasticity parallel to 
the grinding plane, and the direction of the edge parallel to the lower tangent screw, 
the upper tangent screw is rotated for exactly the same number of degrees in the 
neighbourhood of 30° as in adjusting the first surface. The second surface is then 
ground and polished precisely similarly to the first. The two surfaces will then be 
inclined at about 60°, exactly 60° if desired; they will also be symmetrical to the 
plane of optical elasticity in question, and the refracting edge will be parallel to the 
desired axis of optical elasticity. It will frequently happen that a zone of faces will 
be developed perpendicular to the principal optical plane in question, so that its 
adjustment can be immediately effected, and the adjustment of the direction of the 
desired edge will usually be achieved in a simple manner with reference to existing 
faces. Even in more complicated cases a little consideration will enable the move¬ 
ments provided with the instrument to be utilised so as to achieve the desired result 
with accuracy. If the crystal is not very small a pair of surfaces may be ground 
while adjusted in each position, one 30° on each side of the plane of optical elasticity, 
so that a pair of prisms may be obtained, and the refractive indices thus determined 
in duplicate upon the same crystal. It is quite easy, moreover, to grind another pair 
of prisms symmetrical to another plane of optical elasticity, so that all three refractive 



912 


ON AN INSTRUMENT FOR GRINDING SECTION-PLATES, ETC. 


indices of biaxial crystals may be determined, two in duplicate and one four times 
repeated upon the same crystal. 

The faces of the prisms need not be covered with thin glass plates, cemented by a 
solution of balsam in benzene, if a little time and trouble is taken to fully utilise the 
polishing disc. Moreover, prisms may be prepared by this method even from very 
small crystals, such as one could never hope to fit satisfactorily with cover glasses, 
and, if carefully polished, the brightness of the refracted images of the Websky slit 
of the spectrometer will be ample to enable accurate determinations of refractive index 
to be made. The images reflected by the polished surfaces furnished by the 
instrument are invariably well-defined and single, enabling excellent measurements of 
the angle of the prism, as well as of the angles of minimum deviation of the refracted 
rays, to be made. 

It may be remarked, in conclusion, that the instrument in the form described is 
somewhat too delicate to be employed for grinding sections of naturally-occurring 
crystals harder than glass, by substituting a small lapidary’s wheel for the ground* 
glass grinding disc. The author expects shortly to be able to describe an instrument, 
now in course of construction, specially adapted for preparing sections and prisms of 
mineral crystals. 

The author desires to express his thanks to the Research Fund Committee of the 
Chemical Society for the grant to defray the cost of the instrument. It has been 
made by Messrs. Troughton and Simms, to whom the author is very considerably 
indebted for assistance in devising it, and for the care bestowed on its construction. 
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In the optical investigation of crystals it is of great advantage to command a ready 
means of illuminating the field of the observing instrument with light of any desired 
wave-length. The red, yellow, and green monochromatic light emitted by incan¬ 
descent salts of lithium, sodium, and thallium has hitherto been considered sufficient 
for most crystallographical investigations. The disadvantages of employing such a 
source of monochromatic illumination are threefold. In the first place it is difficult 
to remove the last traces of the relatively more powerfully illuminating sodium from 
the lithium salt employed. The admixture of yellow with the red light is a very 
great inconvenience when determining refractive indices by the method of total 
reflection and when measuring the optic axial angle of biaxial crystals by observations 
of the separation of the hyperbolic brushes of the interference figures. In the latter 
case, owing to more or less dispersion of the axes for light of different wave-lengths, 
the effect of the admixture of even a little of the highly illuminating yellow sodium 
light with the red lithium light is to diminish the definition of the brushes, the inter¬ 
ference figures for the two colours being superposed, and thus to destroy the possibility 
of accurate measurement of the separation of the axes for lithium light. In the 
second place, the poisonous nature of the fumes of the volatile thallium salts renders 
it imperative that the green flame should be produced in a draught cupboard, and all 
observations conducted in front of it, a condition which it is frequently inconvenient 
to fulfil. The third and most weighty objection to this mode of producing mono¬ 
chromatic light is that it confines the observations to three wave-lengths, at con¬ 
siderable intervals apart, ceasing, however, with the yellowish-green, and leaving the 
blue end of the spectrum out of consideration altogether. For substances whose 
crystals exhibit very slight dispersion of the optic axes this may, perhaps, be conceded 
to be sufficient, although, even in these cases, the observations cannot be considered 
as complete. For the numerous substances, however, whose crystals are endowed 
with sufficient dispersion to exhibit considerable differences of optic axial angle, and 
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(in crystals belonging to the two systems of least symmetry) differences in the 
directions of stauroscopic extinction, observations with light of only these three wave¬ 
lengths are insufficient. Moreover, in the cases occasionally met with—such as the 
rhombic form of titanium dioxide known as brookite, the rhombic triple tartrate of 
sodium potassium and ammonium, and the monoclinic ethyl-triphenylpyrrholone 
described three years ago by the author,*—in which the dispersion is so large that 
the axes for red light lie in a plane perpendicular to that which contains them when 
illuminated by blue light, observations with lithium, sodium, and thallium light 
are totally inadequate to enable us to follow the change which must occur as the 
wave-length of the light is altered, and, except by mere fortuity, aftord no means 
whatever of observing the interesting point when the wave-length is such that 
the axes coincide in the centre of the field and the biaxial crystal simulates a 
uniaxial one. 

It is evident, therefore, that for the complete investigation of the optical properties 
of crystals, an arrangement for procuring monochromatic light must be adopted which 
will enable us to illuminate the field of the observing instrument with the whole of 
the spectrum colours in succession. A step towards supplying such a requirement 
has been made by Fuess, the well-known crystallographical optician of Berlin, in his 
larger axial angle goniometer. In front of the objective of the polariscope are placed 
a small prism and a collimating tube, arranged at such an angle to the polariscope 
that the light from a lamp passing through the slit of the collimator is dispersed by 
the prism into a spectrum, the whole of which is seen in the field on observing 
through the polariscope. The prism is capable of rotation, the amount of which is 
registered by a micrometer. It is intended that the readings of the micrometer shall 
be recorded for the coincidences of the vertical cross-wire of the polariscope with the 
principal lines of the solar spectrum, so that light of any particular wave-length may 
be brought into the centre of the field when using any artificial source of white light 
In practice, however, the author finds this arrangement unsatisfactory. The smallest 
amount of “ backlash ” in the working of the endless screw and wheel by which the 
rotation of the prism is effected introduces a considerable error in the reproduction of 
the setting for any solar line. But, even assuming the construction perfect at first 
and to remain so after use, the arrangement labours under the great inconvenience 
that the whole, or, when the second power is employed, almost the whole, of the 
spectrum is visible at once. Although it may be true that a fair approximation to 
the value of the optic axial angle for any wave-length may be obtained in cases where 
the dispersion of the axes for different colours is not considerable, by bringing light 
of that wave-length to the vertical cross-wire (or between the pair of cross-wires) to 
which the hyperbolic brushes are also successively adjusted, still the rings and 
lemniscates surrounding the axes are distorted more or less according to the amount 


* ‘Joarn. Chem. Soc.,’ 1890, 783 ; ‘ Zeitscbrift fur Kiyetallographie,’ XVIII., 563. 
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of dispersion by the other portions of the spectrum in the field of view. In cases 
where the dispersion of the axes is great the method fails altogether, for the inter¬ 
ference figures become perfectly unintelligible. 

From the above discussion of the methods hitherto adopted, it will be apparent 
that the ideal arrangement must be one by means of which the whole field of the 
optical instrument is evenly illuminated with light of as nearly as practicable one 
wave-length, which may be rapidly varied, as desired, from one extreme of the 
speotrum to the other. The apparatus now described enables these conditions to be 
fulfilled. It was suggested by the arrangement described by Abney,* and employed 
in his researches, in conjunction with FESTiNO,t upon colour photometry. 

Abney's arrangement consists essentially of a spectroscope with two prisms, but 
with the eye-piece of the observing telescope replaced by a screen, upon which the 
spectrum is received, and which is perforated by a movable and adjustable slit, 
through which any desired portion of the spectrum may be allowed to escape. This 
slit of monochromatic light is allowed to fall upon a lens of comparatively large dia¬ 
meter, and of such convenient focal length that an image of the nearest surface of the 
second prism may be thrown upon the screen which it is desired to illuminate, in the 
form of a uniform patch of light involving fewer wave-lengths the narrower the slit. 
The position of the screen with relation to that of the lens is such that the successive 
patches of colour all illuminate the same space upon the screen. 

The arrangement now desoribed, while similar in principle to that of Abney, differs 
from it in certain important particulars rendered necessary by the exigencies of crys- 
tallographical optical work. The chief differences and innovations are as follows :— 

1. Instead of desiring to illuminate an opaque screen, to be observed by reflection, 
it is desired to employ the beam of monochromatic light in directly illuminating the 
field of an optical instrument, the polariscope of an axial angle goniometer for 
instance. Hence the large lens, so conveniently used by Abney to direct the coloured 
light upon a screen, is discarded, and the objective of the observing instrument is 
brought to within an inch or so of the exit slit, thus utilising the whole of the issuing 
coloured light and economising space. 

2. Instead of a movable slit, which, the lens being discarded, would necessitate a 
corresponding but highly inconvenient movement of the observing instrument in order 
that the issuing light for all the different colours should always pass along its optical 
axis, the exit slit is fixed. 

3. The different colours of the spectrum are caused to pass the fixed exit in succes¬ 
sion by rotation of the dispersing apparatus. This latter consists, instead of two 
prisms as employed by Abney, of one large 60 ° prism whose faces are capable of 
receiving almost the whole of the light from the collimating lens of two inches 


* ‘Phil. Mag.,’ 1885, vol. 20, p. 172, 
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aperture, and of filling the similar lens of the exit tube with the dispersed beam. The 
convenience of employing a single prism when rotation is required will be obvious. 
The disadvantage of less dispersion is avoided by constructing the prism of glass 
endowed with as high dispersive power as can be obtained without introducing colour 
and consequent absorption of the violet end of the spectrum. 

4. By placing an eyepiece in front of the exit slit, the optical tube carrying the 
latter may be temporarily converted into a telescope, for the purpose of observing 
solar or metallic lines. The jaws of the exit slit when nearly in contact (their normal 
position when the instrument is being used to produce monochromatic light), are 
clearly focussed by the eye-piece and act precisely like a pair of parallel vertical cross¬ 
wires, midway between which any solar or metallic line may be adjusted by suitable 
rotation of the prism. A fine graduation of the circle which carries the latter, aided 
by a vernier, enables this position, for as many lines as it may be desired to observe, 
to be once for all recorded in a table, and graphically expressed by a curve. The col¬ 
limator and telescope remaining fixed, it is only neoessary in order at any subsequent 
time to produce light of any desired wave-length to set the prism circle to the reading 
recorded for that wave-length, to remove the eye-piece and to illuminate the slit of the 
collimator by the rays from any source of light whatsoever. The light issuing from the 
exit slit will then be of the wave-length desired. 

5. The narrow band of monochromatic light issuing from the exit slit, when allowed 
to pass directly along the optical axis of the instrument to be illuminated, appears, 
upon looking through the latter, as a brilliant coloured line forming the vertical 
diameter of the field of view. By the simple device of placing a plate of finely ground 
glass immediately in front of the objective of the observing instrument, the line of 
light is diffused so that the whole field of the instrument is evenly and brightly 
illuminated with monochromatic light of the very few wave-lengths which are 
permitted to escape through the exit slit. 

The essential constructive details will now be given. 


Construction of the Instrument. 

The whole arrangement is devised so as to pass as much light as possible, in order 
that when the two slits are almost closed, using the oxy-coal gas lime-light or other 
equally powerful illuminant as source of light, the small fraction ’ of the spectrum 
emerging may still afford ample illumination of the field of the observing instrument, 
after diffusion by the ground glass, to enable accurate observations to be made with 
light as far as G in the bluish-violet, and as far as F when a less powerful illuminant, 
such as an incandescent gas-light burner, is employed. The instrument wad its 
various accessories are represented in fig. 1. 

The two optical tubes are precisely similar in all respects, so that either may be 
employed as collimator. They are each about nine and a half inches in length, the 
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slit ia each case being placed At the focus of the achromatic leas combination of nine 
inches focal length and two inches aperture. The lens combination of each consists 
of two lenses, one hard crown and the other dense flint, both perfectly colourless. 
The lenses are not cemented together by balsam or other mounting medium, but are 
held in metal mounts and slightly separated from each other by a brass r ing , so that 
they include between them an air space. By adopting this arrangement there is no 
risk of the setting being disturbed by the long-continued passage of the heat rays 
from a powerful source of light; and there is consequently no necessity for the 
troublesome interposition of a cell containing alum or any other liquid for the purpose 
of filtering out the heat rays. The spherical aberration was approximately corrected 
by making the outside surface of the crown-glass lens to deviate slightly from the 
spherical figure, and the final corrections for both spherical and chromatic aberration 
were effected by adjustment of the amount of separation of the two lenses. The 


Kg. 1. 



comparatively large aperture of two inches, together with the short focal length of 
nine inches, allows of the passage of a large amount of light while rendering the 
instrument compact.. 

The slit of each optical tube is carried at the end of an inner tube, capable of the 
necessary amount of motion in and out of the wider tube which carries the lens 
combination, by means of a rack and pinion worked by a milled head. The slit is 
specially adapted for the purpose in view by being constructed so that the two jaws 
move equally in opposite directions on each side of the central line of contact. This 
is essential in order that, for different amounts of opening to suit crystal plates or 
prisms of different degrees of transparency or sources of light of different intensities, 
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the light of the wave-length for which the prism circle has been set shall always 
remain in the central line between the two jaws. The manner in which this object 
has been attained will be apparent from figs. 2, 8, and 4, which are reduced to about 
one-half the actual sim 



The principle lies in the adoption of an endless screw and wheel, in which latter two 
similar grooves are cut upon opposite sides of the centre, which, by means of sliding- 
pins connected with the jaws, bring about the desired equal and opposite movement 
of the latter. Fig. 2 is a front elevation of the slit-box, showing the endless screw a, 
which, for the sake of clearness, is not dotted and its nut-cap is omitted, and (dotted) 
wheel b, Fig. 3 represents a section of the box, showing the wheel b in its setting 
in the rigid framework of the box, the slide c, which carries the hard white metal 
bevelled jaws d, and the pin e, fixed in the slide, and whose motion is directed by 
the slots in the wheel. Fig. 4 is an elevation of the wheel, showing the slots f which 
move the slides by means of the pins. The “ pitch ” of the slots is equal to one-half 
the total opening of which the slit is desired to he capable, which is adjusted so that 
the jaws may be sufficiently withdrawn to enable an unobstructed field of view to be 
obtained when the optical tube is used as a telescope for observing the solar or 
other spectrum. 

It is further provided that the white metal jaws may be removed altogether, in 
order that the single slit may be replaced by two or more whenever it is desired to 
employ composite light taken from definite parts of the spectrum. This is useful in 
order to be able to study the effect of such composite light upon the interference 
figures afforded by crystals whose dispersion of the optic axes for different colours is 
so great that the axes for red and blue light lie in planes at right angles to each other. 
The study of such figures in composite light is of assistance in appreciating the nature 
of the remarkable figures observed when white light is employed. It is for this pur¬ 
pose that the jaws themselves are not directly moved, by the wheel; they are held in 
close contact with the slides c, which are directly moved, by being made to slide in a 
dove-tailed recess cut out of the latter, as shown in fig. 3, and when their knife-edges 
are brought just beyond the edges of the slides they are locked firmly to them by 
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means of a simple locking arrangement, shown in fig. 2. In the elide o an L-shaped 
groove g is cut, in which slides a pin h, carried by the jaw. This pin is not fixed 
into the jaw itself, but into a short slider k, furnished with bevelled edges, which is 
capable of sufficient vertical motion between two guides l (one edge of each of which 
is likewise bevelled, so as to form together a dove-tail in which the slider is supported), 
to enable the pin to be raised to the level of the horizontal part of the groove, when 
the jaw may be readily withdrawn. In order to place the jaw in position again it is 
only necessary to slide it into its dove-tailed recess, until the pin reaches the end of 
the horizontal part of the groove; it is made to slide quite smoothly, without 
jamming, by fitting a short curved spring in a suitable niche in the upper horizontal 
edge, so as to press slightly against the upper guide ; the slider k is then lowered so 
as to bring the pin down the vertical portion of the groove, when the jaw will be 
firmly locked to the slide c. The pin and groove are so well fitted that precisely the 
same position is always occupied by the jaw, when locked, with respect to the slide. 

When it is desired to utilise the above arrangement for the purpose of replacing the 
single slit by two or more, it is found more convenient to construct them permanently 
in a simple but highly accurate manner, which will be described under the heading, 
“ Mode of Production and Use of Composite Light,” than to employ an elaborate 
metal arrangement of several movable and adjustable slits, such as is so admirably 
adapted to Abney’s form of apparatus, but upon which inconvenient limitations are 
necessarily imposed, and which would require re-adjusting by means of the solar or a 
metallic spectrum for every variation. 

The full width (using this term in its current sense denoting the longest dimension 
of the opening) of the slit of each optical tube is one inch; this relatively large width 
is not intended to be generally utilised, but is provided for use in observations with 
imperfectly transparent crystals, when, subject to limitations to be presently specified, 
it is of great advantage as it transmits a correspondingly large amount of light. It 
is of course impossible with a slit of one inch width to avoid a slight curvature of 
the spectral lines. W. H. M. Christie* has shown that this curvature cannot be 
eliminated by adjustment of the prism or prisms, and that it increases with the 
number of prisms ; hence it is least with a single prism as used in this arrangement. 
The lines are slightly concave towards the normal to the surface of incidence of the 
prism. Particular oare has been taken in the setting of the lens combinations that 
such ourvature should not be accentuated by any slight want of parallelism in the 
incident light. The slight deviation from perfect monochromatism in the light 
issuing from the exit slit, consequent upon this slight curvature of lines of light 
vibrating with the same wave-length, is found in practice to be no detriment what¬ 
ever in the measurement of the optic axial angles of crystals whose dispersion of the 
axes for the red and blue does not exceed 5°, and the brilliant illumination of the 
field by nee of the one-inch, slit is a very great advantage when dealing with sections 
* 1 Roy. Astron. Soo. Monthly Notice*,’ 1874, 268. 
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of crystals of imperfect transparency. For use with dear sections and for all oases 
where the dispersion amounts to or exceeds the limit just specified, and also for use 
in all determinations of refractive index by means of prisms, a series of four stops, 
perforated by circular apertures of f-inch, f-inch, f-inch, and f-inch diameter respec¬ 
tively, are provided by which the width of the slit may be suitably diminished. The 
stop most frequently employed by the author is the one of f-inch diameter, which 
affords spectral lines which are apparently perfectly straight. This definite mode of 
reducing the width of the slit is found more convenient than by use of the usual 
>-shaped arrangement, and it is more satisfactory to have the ends perpendicular to the 
length of the opening. The stops are fitted with a light spring at one side to keep them 
in position in the rectangular recess in front of the slit. Two of them are shown in 
fig. 1 lying on the base-board. The illumination of the field of the observing instru¬ 
ment, when the slits are nearly closed and the quarter-inch stop is placed in front of 
the receiving slit, is still sufficiently good, when the lime-light is the source of light, 
to enable excellent measurements of axial angles or refractive indices to be carried 
out with F light, and when the sections or prisms are clear with G light. If it is 
inconvenient to employ the lime-light, excellent measurements may still be obtained 
as far as F light by substituting for it in the lantern the improved form of incan¬ 
descent gas-light burner, as described in the preceding communication, and slightly 
increasing the opening of the receiving slit. 

The slit frame at the end of each optical tube terminates in a slightly projecting 
annulus, m in fig. 2, of one and-a-half inch diameter, carrying on its outer surface a 
screw-thread upon which can be screwed the small eye-piece tube, which serves as a 
carrier for either of three eye-pieces, magnifying respectively two,four,and six diameters. 
The tube and its three eye-pieces are shown slightly to the right of the centre of 
the base-board in fig. 1. The eye-pieces are constructed to focus the closely approxi¬ 
mated jaws of the exit slit immediately in front of them, so that when the spectral 
lines are focussed by means of the rack and pinion movement which adjusts the 
distance between the lens combination and the slit, the knife-edges of the slit jaws are 
likewise in focus, and serve all the purposes of a parallel pair of vertical cross-wires 
between which the spectral lines may be adjusted by suitable rotation of the prism. 

Each optical tube is capable of independent rotation round the axis of the instru¬ 
ment, by means of the counterpoised arms. Each may be fixed in any position, by 
means of clamping-screws, to the lower circle which carries the vernier and which is 
rigidly fixed to the central pillar of the strong stand, and whose plane is accurately 
perpendicular to the axis of rotation of the optical tubes and of the prism. The prism 
is carried upon a rotating table parallel to the lower circle, and which is graduated for 
180°; the graduations read directly to half-degrees, and, with the aid of the vernier, 
to single minutes. This rotating circle may be fixed for any reading by means of the 
clamping arrangement seen in front of the prism in fig. 1. A fine adjustment is pro¬ 
vided for the circle, and it is made readily detachable, so that it may be arranged at 
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any eoavement position on the limb, or may be removed altogether if not required. 
It is shown in position in fig. 7. It is constructed in two parts. A double elbow- 
piece, fitting closely to the circle-plate, and capable of being tightly damped to it by 
meatus of two milled-headed screws passing through the upper plate of the piece, 
carries an outwardly projecting arm ; the latter is pressed between the ends of a long 
milled-beaded screw of fine thread and a spring piston, similar to those employed in 
the fine adjustment of the circle of the instrument described in the preceding com¬ 
munication. The tangent-screw and piston are carried by a second elbow-piece 
enveloping a segment of the limb of the lower fixed circle; the upper plate of this 
elbow-piece is sufficiently short (radially) to permit the upper elbow-piece to move 
past it without touching ; but the lower plate is longer, in order to afford a rigid grip, 
and carries the two clamping-screws, by which it may be fixed from underneath to 
the circle. The graduated surface of the movable circle is protected from the upper 
clamping-screws by means of a thin intermediate plate of hard white metal, lined next 
to the graduated surface with chamois leather. The distance between the ends of the 
nut of the tangent-screw and the cylinder of the piston is sufficiently great to enable 
the projecting arm, and with it the circle, to be moved by rotation of the tangent- 
screw through a little more than 7° of arc, sufficient to enable the whole spectrum, 
from A to a little beyond G, to be brought past the exit slit. The prism is firmly fixed 
to the rotating circle by means of an angle bracket and screw, which latter is prevented 
from injuring the top of the prism by causing the pressure to be applied to a slightly 
convex hard white metal plate, shaped like a three-rayed star, the three terminations 
of which rest upon the top of the prism ; the centre of the plate is perforated with a 
small hole, into which the rounded end of the screw fits without being able to pass 
through it. The lower portion of the strengthening rib of the angle bracket may be 
conveniently utilised as a handle, with which to effect the rotation of the prism and 
circle, whenever the fine adjustment is not in use. 

The 60° prism is larger than usual, having sides of four-and-a-half by two-and-a-half 
inches, in order to be able to utilise as much of the light from the two-inch collimating 
lens combination as possible. The heavy flint-glass, which was supplied by Messrs. 
Chance, possesses as high a dispersive power as it was possible to obtain without 
introducing colour, in order that the dispersion shall not suffer much by the use of 
only one prism. There is a limit to the dispersion which can be employed, for if it is 
excessive, as by use of some of the very dense glasses now available, it is found that 
the whole of the spectrum oannot be brought to pass the exit slit by rotation of the 
prism without serious loss of light by reflection from the receiving surface, owing to 
the large angle through which the prism requires to be rotated. The essentials of the 
prism are, therefore, that it shall be free from colour in order that it may fully transmit 
the blue end of the spectrum, and that it shall possess the highest possible dispersion 
which will still enable the whole of the spectrum, from A to H', to be brought between 
the nearly dosed jaws of the exit slit by rotation of the prism without materially 
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sacrificing the light by reflection. The heavy odourless glass supplied by Messrs. 
Chance satisfies these conditions, its dispersion being higher than that of ordinary 
flint, while not too great to be a disadvantage. Very great care has been taken to 
make the two utilised surfaces truly plane, and at right angles to the base. The high 
cost of so large a prism of heavy glass, truly worked, is amply compensated by the 
advantage gained in the large amount of light transmitted. The definition of the 
solar and metallic lines afforded by this prism and the lens combinations previously 
described, is of very high quality up to the extreme end of the violet. With the 
lowest power eye-piece, magnifying two diameters, the two D lines of sodium are 
clearly separated; the second eye-piece, magnifying four diameters, exhibits them 
half a millimetre apart; and the third eye-piece, magnifying six diameters, separates 
them by quite au apparent millimetre. 

For convenience in viewing the solar lines a small mirror is provided, which is 
capable of the four motions necessary for the reflection of sunlight along the axis of 
the collimator. Its carrier is attached to an annulus furnished with a milled flange, 
and carrying a screw thread upon its inner surface of the same pitch as that of the 
eye-piece carrier, so that it may be firmly screwed to the projecting annulus, m in 
fig. 2, of the slit frame of that optical tube which is chosen for convenience as 
collimator, just as the eye-piece carrier is screwed to the similar annulus of the other 
optical tube which it is desired to use as telescope for the purpose of observing the 
solar lines. The mirror and its carrier are represented at the left-hand corner of the 
base-board in fig. 1. 

The ground glass screen which is employed for the purpose of diffusing the line of 
monochromatic light escaping from the exit slit, in order that the whole field of the 
observing instrument may be evenly illuminated, is conveniently held in a small carrier 
forming an attachment in front of the exit slit similar to that just described. This 
attachment is shown at the right-hand comer of the base-board in fig. 1. It consists 
of an annulus provided outside with milled flange and inside with a screw thread 
capable of engaging with that upon the projecting annulus of the slit frame, exactly 
similar to that which carries the adjustable mirror; to the arm carried by the annulus 
is fixed at right angles, that is horizontally, a strong rod of square section and 
inches long. Upon this rod slides easily a short tube of similar square section and 
bore, which supports, by means of a short upright, the tube of two inches diameter 
and two inches length which carries within it the ground glass screen. The slider 
can be fixed in any position along the rod by means of a clamping screw. Two 
ground glass screens are provided, one of the texture of fine photographic focussing 
glass, and the other still more finely ground. They are mounted in circular metal 
frames like lenses, and the frames are of such a size as to be capable of sliding fairly 
tightly in the carrying tube. In the illustration one screen is represented in position 
inside the tube, and the other lies on the base-board just behind the eye-pieces. 
Either screen may be employed according to its ascertained suitability for use with 
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the particular optical instrument to be illuminated, and the screen chosen may be 
placed in any position in the oarrying tube, beet with the ground surface nearest the 
slit in order to avoid loss of light by reflection from the smooth surface. For certain 
work it is best to have it right at the end nearest the slit, so that by sliding the 
whole tube along the rod the screen may be brought close up to the slit frame; 
while for other classes of work it is advantageous to remove it as far from the 
slit as possible by placing it at the other end of the tube and sliding the latter away 
from the slit as far as the length of the rod permits. For most purposes, however, it 
is best to place it in the centre of the carrying tube, when it is shaded on both sides 
from extraneous light, and the half of the carrying tube furthest from the slit serves 
as a dark box into which the end of the observing instrument may be pushed until 
its objective almost touches the screen. 

The whole instrument is mounted upon a strong base-board, upon which it can he 
levelled by means of three strong levelling screws resting in toe plates. The base¬ 
board is conveniently covered with black velvet so that, with the aid of suitable 
folding screens constructed of strong cardboard and covered inside also with black 
velvet and outside with dark red cloth, the whole apparatus may be readily enclosed 
whenever desired (on account of imperfect transparency of the crystal under exami¬ 
nation) in a dark chamber and thus effectively shaded from stray light from the 
lantern. In ordinary cases, with good transparent crystals, it will be found sufficient 
to cover the prism and the ends of the optical tubes at which the lenses are placed 
with a dark box of the kind shown in fig. 1, also constructed of cardboard and 
covered inside with velvet and outside with dark red cloth, and -in which a small 
movable door is left through which the rotation of the prism can be effected. The 
base-board is in turn mounted upon a strong dais, of such a height above the table 
upon which the whole arrangement stands that the plane of the axes of the optical 
tubes is raised to the level of the eye when the observer is seated. This dais iB con¬ 
veniently covered with the same dark red cloth, which enables the base-board, whose 
under surface is smooth, to be easily moved over the dais and rotated 90° upon it, as 
will be subsequently shown to be desirable in order to be able to approach certain 
observing instruments sufficiently near to the slit, the dais otherwise being in the way 
of the support of the observing instrument. Moreover, if the table has a polished 
surface, the dais base-board and instrument can be readily moved en bloc to any 
required position. The instrument is so heavy, being so solidly constructed, that 
these apparently trivial arrangements are of considerable moment. The base-board 
is grooved around its margin for the reception of a rectangular protective glass shade 
when the instrument is not in use. 

Determination of Circle Readings for the issue of Light of Definite Wave-lengths. 

The determination of the prism circle readings for the passage of light of certain 
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wave-lengths through the exit slit, in order that light of any wave-length may at any 
subsequent time be reproduced, is carried out as follows;— 

The reflecting mirror is attached in front of the slit of that optical tube which is to 
be used as collimator, and the eye-piece holder carrying one of the eye- pieces, perferably 
the second one magnifying four diameters, is attached in front of the slit of the other 
optical tube so as to convert the latter into a telescope. Sunlight is then reflected 
along the axis of the collimator, and the jaws of the slit of the latter are approached 
until the best definition of the solar lines is obtained upon looking through the 
telescope and arranging the prism and telesoope for minimum deviation of the 
refracted rays. The exit slit in front of the eye-piece should be opened wide in order to 
obtain an unobstructed view of the whole field, when about one-hulf of the speotrum 
is included in the field at once, and by moving the telescope the whole spectrum 
may be observed. It is manifestly impossible, however, with the prism set for 
minimum deviation to bring the whole of the colours of the spectrum into the centre 
of the field by rotation of the prism, the telescope being fixed. But if while the 
prism is arranged for minimum deviation the telescope is moved round some little 
angular distance, so as to pass the whole of the spectrum from red to blue, and is fixed 
in a position when the centre of the field is just past the extreme violet, a wave 
length in the ultra-violet being thus set centrally at minimum deviation, it will then 
be possible by movement of the prism in either direction to bring the whole of the 
colours of the spectrum in succession past the vertical diameter of the field. That 
one of the two directions of movement of the prism is chosen in which the greater 
loss of light by reflection from the receiving surface of the prism occurs when the red 
end of the spectrum is brought to the centre of the field, and the lesser loss when the 
feebler illuminating violet end is central; by this choice the illuminating values of 
the different colours are rendered less unequal than they usually are with a fixed 
prism, while if the other direction is chosen the inequality is intensified. The 
definition of the solar lines for this setting is still admirable, the focussing being 
achieved by means of the milled head in connection with the rack and pinion. 

Having firmly clamped the telescope to the fixed lower circle, the solar lines for 
which it is desired to record the prism circle readings are well noted while the exit 
slit is still widely open. The jaws of this slit are then brought so closely together 
that the interval between their knife-edges, which are clearly defined by the eye-piece, 
is only very slightly greater than that between the two sodium D lines, that is, not 
greater than two-thirds of an apparent millimetre. The desired solar lines are then 
in turn brought, by rotation of the tangent screw of the fine adjustment, midway 
between the two edges of the slit, which thus act like a pair of vertical cross-wires. 
The exact distance of the jaws apart is of no consequence so long as it is sufficiently 
small to permit of accurate adjustment of the lines to the central line between them, 
as the jaws move equally on each side of this central liue. If the whole width of the 
receiving slit is employed the lines are very slightly curved as previously stated, but 
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&a the centre of the line is the part adjusted there is no real necessity to stop the slit 
down with one of the smaller stops. If, however, the f-inch or |-inch stop is placed 
before the receiving slit the lines are then apparently quite straight and fall wholly 
in the central line between the two jaws when adjusted. 

The readings of the prism circle are then taken, with the aid of the vernier, for 
each of the lines so adjusted by suitable movement of the prism, and recorded in a 
table. This table should be supplemented by a curve, in order that the readings for 
intermediate wave-lengths may be obtained by interpolation. The readings for the 
solar lines of hydrogen may be confirmed, if considered desirable, by use of a 
hydrogen Geissler tube illuminated by means of four Grove’s cells and an induction 
coil. It iB also convenient to confirm the sodium readings, and to extend the 
observations by recording the readings for the red lithium and the green thallium 
line. For this purpose it is convenient to have at hand a metal-lined box, fitted 
with a window in front and a door behind, a chimney above and air holes in the 
raised base, containing a Bunsen lamp and an arrangement for bringing one of three 
platinum spoons, containing respectively a supply of a sodium salt, a lithium salt, and 
a smaller quantity of a thallium salt, into the flame as desired by means of a rotating 
arrangement manipulated from outside by means of a lever. This arrangement is also 
very convenient for confirming the circle readings before and after every important 
investigation, in order to be quite certain that no movement of any of the parts of the 
instrument shall have occurred. For this purpose it is sufficient to ascertain whether 
the reading for the double sodium line remains the same. It is thus only necessary 
to use the poisonous thallium vapour for a few seconds during the first determination 
of the reading for that wave-length. Although the exit slit frequently requires 
slight opening or closing, to suit the lesser or more perfect transparency of the 
crystals examined, the readings for the sodium and hence for all the lines have never 
been found to vary by more than two minutes of arc. 

After thus determining the relation between the wave-length of the issuing light 
and the prism circle readings, the mirror and the eye-piece are removed from before 
their respective slits, and it is only necessary, when at any time monochromatic light 
of any specific wave-length is required, to set the prism so that the circle reading is 
identical with that recorded in the table, or obtained by interpolation from the curve, 
for light of the wave-length in question, and to illuminate the slit of the collimator 
with a sufficiently powerful artificial source of light. Tho oxy-coal gas lime-light 
affords ample illumination with slits nearly closed, and if the observer is sufficiently 
fortunate to have an electric arc lamp at his disposal the openings of the slits may be 
so fine that the slightest further movement of the milled head of the tangent screw 
doses them altogether. If the receiving slit is opened to the extent of a tbixd of a 
millime tre and the exit slit to about a quarter of a millimetre, sufficiently good 
illumination may be obtained with wave-lengths up to F by employing the incan¬ 
descent gas-light previously referred to in the lantern instead of the lime or electric 
light, retaining the condensers of the lantern to concentrate the rays upon the slit. 
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The wave-lengths mostly employed by the author in crystallographical investiga¬ 
tions are those corresponding to the red lithium line, the red hydrogen line C, the 
yellow pair of sodium lines D, the green thallium line, the greenish-blue hydrogen 
line F, and the bluish-violet hydrogen line G, supplemented by other well marked 
intermediate solar lines in cases of extreme optic axial dispersion. The angular 
difference between the circle readings for the lithium and G lines is 6° 10' in the 
author’s instrument, and as the readings can be made directly to minutes, and a 
deviation of one minute from the setting between the edges of the slit is readily 
perceived, it will be at once apparent that light of any wave-length Can be produced 
with a very high degree of accuracy. 


C/fie of the Instrument in the Measurement of Optic Axial Angles. 

The whole arrangement for the measurement of optic axial angles—by the 
observation of the separation of the hyperbolic brushes of the interference figures 
afforded by a pair of sections perpendicular to the first and second median lines 
respectively in convergent light, and with nicols crossed at 45° from the horizontal 


Fig. 5. 



and vertical positions—is shown in fig. 5. The lantern and the axial angle gonio¬ 
meter are conveniently mounted upon firm box supports of rectangular shape and 
covered with dark red cloth like the dais of the monochromatic light apparatus, in 
order that they may be easily moved over the polished table into any required 
position. The block supports should carry levelling tables, each consisting of two 
mahogany boards, framed and with flush panels in order to increase their rigidity; 
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the lower of these boards is screwed down upon the top of the basal support, and 
Carries four toe-plates in which rest four strong levelling screws working through 
hut-plates screwed to the upper board. The height of the blocks is so arranged that 
the optical axis of the light issuing from the condensers of the lantern, and that of the 
polariscope of the axial angle goniometer, may be adjusted by means of the levelling 
screws to exactly the same plane as that in which the axes of the optical tubes of the 
monochromatic light apparatus lie, that is to the level of the observer’s eye when 
seated. 

The axial angle goniometer may conveniently rest upon n circular base-board with 
grooved margin for the reception of a protective glass shade, rather than directly upon 
its levelling table; for the under surface of the base-board can be covered with cloth 
or felt, and the heavy instrument, together with the base-board, can then be readily 
moved about upon the polished levelling table, and the adjustment is facilitated. 

The crystal plate perpendicular to the first median line is first attached to the 
crystal holder, and adjusted by means of the adjusting and centering motions 
provided upon the goniometer. The section itself is either mounted upon a circular 
glass plate, as described in the preceding communication, or is suspended unmounted 
by means of a strip of thin glass, to which it is fixed at some point on its edge by 
means of a little marine glue or other cement which is not attacked by the highly 
refractive liquid to be employed, and which is held by the crystal holder. Sections 
prepared by use of the instrument described in the preceding memoir may always be 
suspended unmounted provided the specified time has been bestowed upon the final 
polishing, and the observations are then unaffected by slight errors due to the cover 
glass or want of parallelism in the cementing film. The adjustment is carried out in 
ordinary white light, so that the monochromatic light apparatus may not be un¬ 
necessarily used on these preliminaries. For this purpose the goniometer and its 
base-board are rotated through a right angle upon the levelling table, and the 
polariscope is illuminated by the goniometer lamp described in the foregoing paper. 

Having adjusted the section in white light so that the hyperbolic brushes and the 
rings and lemniscates are bisected by the horizontal cross-wire of the polariscopical 
eye-piece, the short tube carrying in its centre the more coarsely ground of the two 
diffusing screens is attached in front of the exit slit of the monochromatic light 
apparatus, so that the ground glass surface is distant about one and a half inches 
from the slit, the goniometer, is rotated until its axis forms a continuation of that of 
the exit tube of the latter instrument, and moved up towards the ground glass screen 
until the end of the polarising tube enters the diffusing tube and all but touches the 
screen. The prism and the ends of the optical tubes are then covered by the dark 
box and the circle set to the reading recorded in the table for light of the wave¬ 
length to be first employed, usually that corresponding to the passage of red lithium 
light through the exit edit. The light is generated in the lantern, and the observa¬ 
tions are commenced by rotating the section in the usual manner so that the two 
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hyperbolic brushes are in turn brought between the pair of vertical cross-wires* and 
observing the corresponding angular readings recorded by the goniometer circle and 
pair of verniers. After repeating the observations with light of the same wave-length 
once or twice, according to the definition of the brushes afforded by the particular 
section, the prism is rotated until light of the next desired wave-length is allowed to 
pass the exit slit, when the observations are repeated, and so on for as many wave¬ 
lengths as are desired. When once used to the arrangement a series of observations 
for the six wave-lengths mentioned at the close of the last seotion may be carried out 
in triplicate in less than half-an-hour. Employing the lime-light, the slits need only 
be opened so that the D lines would appear just coalesced if the entrance slit were 
illuminated by a sodium flame, and the spectrum were observed by placing the 
eye-piece in front of the exit slit. The illumination for D light is then as bright or 
brighter, even when the entrance slit is stopped down to £ inch, than when the 
polariscope is placed directly in front of a good sodium flame, and the illumination 
for lithium light is vastly superior to that obtained by use of a lithium flame. 
Moreover, the illumination is quite evenly distributed over the field, and the inter¬ 
ference figures are wonderfully sharp. Results only slightly inferior are obtained by 
using the incandescent gas-light with a receiving slit of about twice the opening. 

After the conclusion of the measurements of the apparent angle (2E) in air, the 
glass cell containing a colourless oil, or preferably the highly refractive liquid bromine 
derivative of naphthalene, a-raonobromnaphthalene, is raised until the crystal is 
fully immersed in the liquid, and a similar series of measurements are made of the 
apparent acute angle (2 Ha) in the highly refractive liquid. The light may then be 
temporarily extinguished in the lantern while the section is removed from the crystal 
holder, and the second section, perpendicular to the second median line, is placed 
there in its stead, and adjusted in white light by means of the goniometer lamp, 
whose by-pass haB been left burning in order to save time in re-ignition of the lamp. 
The measurements of the apparent obtuse angle (2 Ho) of the optic axes in the same 
highly refractive liquid are then carried out for light of the same wave-lengths, and 
in a precisely similar manner as in the case of the first section. 

By thus carrying out the complete series of measurements with the two sections at 
one sitting, a process which need only occupy about an hour, all risk of any perceptible 
change in the refractive index of the liquid is avoided. The results thus obtained in 
so comparatively short a space of time, by the aid of the monochromatic light 
apparatus now described, enable the true value of the optic axial angle (2V a) and the 
mean refractive index /8, for six different wave-lengths, to be immediately calculated, 
and, if considered desirable, the value of these constants for any wave-length may be 
further expressed by embodying the results in a general formula of the type of that 
of Cauchy. Moreover, provided the sections are afforded by naturally-occurring 
largely developed faces, or are prepared by means of the apparatus described in the 
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preceding communication, the accuracy of the values furnished is of the very highest 
order. 

Use of the Instrument with the wide-angle Polariscope, with particular reference to 
the study of Crossed Aerial Plane Dispersion. 

It is frequently desired to employ a wide-angle polariscopical goniometer, such as 
the well-known instrument forming part of the universal apparatus constructed by 
Fuess, of Berlin, at the instance of Groth. The aperture of the polariscope of this 
instrument is considerably larger than that of the more accurate instrument reading 
to thirty minutes of arc represented in fig. 5, and which is employed, as previously 
described, in the actual measurement of optic axial angles. The convergent system 
of lenses is also so powerful, consisting of several lenses of very short focus, that a 
very wide angle is included in the field of view, so that the rings and lemniscates 
surrounding both optic axes of most biaxial crystals are visible through a section per¬ 
pendicular to the first median line. This instrument is, therefore, very convenient for 
studying the nature of the interference-figures, especially in cases of strongly-marked 
dispersion of the optic axes for different colours. The optical tube which carries the 
analysing nicol is provided, in addition to cross-wires, with an etched scale, which 
enables a rough estimation of the separation of the axes to be effected without 
rotating the section, and thus permits the convergent lenses of the two optical tubes 
carrying the polarising and analysing nicols respectively to be brought almost in con¬ 
tact with the two surfaces of the crystal plate, when the full aperture of the instru¬ 
ment is utilised. When desired, however, the tubes may be withdrawn sufficiently 
apart to permit of the rotation of the crystal plate, and of measurement of the separa¬ 
tion of the axes by means of the circle and vernier, which read to minutes, but, of 
course, a smaller field and angle of view is presented. 

Even the comparatively large field of this instrument, whose objective has an 
aperture of 1-J inches, is fully and evenly illuminated upon placing it in front of the 
coarser ground-glass screen of the monochromatic light apparatus. The diffusing-tube 
is sufficiently wide to admit the end of the polarising-tube, so that the latter may be 
brought close up to the screen. It is not necessary to use more than the f-inch slit 
so that the monochromatism can be made as perfect as when using the more delicate 
instrument with smaller objective. 

The investigation of cases of such extreme dispersion as to result in the optic axes 
for red and blue lying in different planes, may be very beautifully carried out with 
the aid of the instrument for producing pure monochromatic, light now described. 
The whole phenomena may be traced with the utmost precision, from the extreme 
separation of the axes for the first rays of red, through the gradual approach of the 
axes with diminishing wave-length, until they unite in the centre of the field; and 
subsequently as they re-diverge along the diameter of the field perpendicular to the 
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one which previously contained them, right up to their maximum separation for 
the last visible rays of violet. The exact position of the axes for any wave-length is 
at once obtained by setting the prism circle to the reading corresponding to the 
passage of light of that wave-length through the exit slit; and, in particular, the 
exact wave-length may be readily determined for the interesting case in which the 
two axes coincide in the centre of the field, when the rings and lemniscates become 
circles, and the biaxial crystal becomes apparently uniaxial. If it is desired to 
accurately measure the apparent angles for different wave-lengths the more delicate 
polariscopical goniometer is of course employed, the crystal being rotated 90° in its 
own plane after the measurements on one side of the central uniting point have been 
carried out in order to effect the remainder. For the purpose of merely studying or 
demonstrating the phenomena, however, the wide angle goniometer is employed, as 
the complete series of figures may then be observed in succession without moving the 
section, but simply by rotation of the prism of the monochromatic light apparatus. 

It is the author's intention to communicate subsequently the results of a detailed 
investigation of a number of cases of crossed axial plane dispersion, illustrated by a 
series of photographic reproductions, which it is comparatively easy to produce with 
the aid of the apparatus now described in conjunction with a good camera. 


Mode of Production and Use of Composite Light. 

In the investigation of such cases of extreme optic axial dispersion it may be 
desired to supplement the measurement of the axial angle for different wave-lengths 
by observations of the interference-figures exhibited in mixed light taken from any 
two or more known regions of the spectrum. For this purpose the jaws of the exit 
slit are removed and their place occupied by a diaphragm pierced by two or more slits 
so arranged as to permit of the exit of light vibrating with the desired wave-lengths. 
It is found preferable in practice to construct such diaphragms in the following simple 
and permanent manner, ready for immediate use at any time, rather than to employ 
an adjustable arrangement. The slide with three movable and adjustable slits 
employed by Abney, and so convenient for use with a fixed spectrum, is unsuitable 
when the spectrum is movable. 

There is provided with the instrument a slip of glass, finely ground upon one side, 
whose edges are bevelled and which is of the right size to be capable of sliding 
readily into the dove-tailed recess vacated by the slit jaws. When the slides c 
(fig. 3) are withdrawn, as far as possible, by rotation of the milled head in connection 
with the tangent-screw, the ground-glass surface may be employed to receive the 
solar spectrum or the spectra of metallic lines. Having decided what wave-lengths 
are to be permitted to escape through the two or three slits, the spectrum is brought 
into such a position by rotation of the prism that the lines corresponding to the two 
wave-lengths, or if three are required to the two outside wave-lengths, are about equi- 
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distant from the centre of the aperture. The lines are then clearly focussed, and a 
tracing of them made by means of a fine blacklead pencil upon the ground surface 
(which is nearest the observer) of the glass itself. Slits corresponding to the traced 
lines can then be cut as finely as desired in a diaphragm of stout tin-foil, the relative 
openings of the slits being varied slightly in the inverse proportion to that of the 
relative illuminating power of the light which is to pass through them. The tin-foil 
diaphragm is conveniently supported in a slider of hard wood, whose edges are 
bevelled, and which is likewise of the right size and sufficiently thin to slide into the 
dove-tailed recess after removal of the slip of ground glass. By employing a very 
hard variety of wood, such as box-wood, hard olive, or ebony, the slide may be con¬ 
structed out of a single piece, and is then quite as durable and rigid as metal, and is 
preferable to the latter, as it is incapable of wearing the bevelled guides of the recess. 
It is shown in fig. 1, leaning against the spirit-level. It is furnished with two guiding- 
grooves, cut with a fine fret-saw, along which the tin-foil diaphragms are capable of 
sliding, and its central portion is cut away in order to permit the spectrum to impinge 
directly upon the diaphragm. By making several such diaphragms for the combina¬ 
tions which are likely to be required, and indelibly numbering them so as to ensure 
identification, any desired one may be placed in the frame at any time to furnish light 
of the required composition. The accuracy with which the slits have been cut should 
be tested at the time they are made, by placing the lowest power eye-piece in position 
in front of the slit-frame and observing whether the focussed lines, from a tracing of 
which the slits were cut, can be brought by suitably moving the slider to simul¬ 
taneously occupy the centres of the slits. In order to avoid having subsequently to 
set the selected diaphragm to the correct place in the spectrum by the aid of Fraun¬ 
hofer or metallic lines, the following simple device is adopted :— 

A pair of fine marks, forming a continuation of the same vertical line as that in 
which the knife edges of the slit-jaws meet, have been made on the rigid framework 
of the slit-box immediately above and below the slit. A similar pair of marks are also 
made upon the guides of the wooden slider. After the diaphragm has been tested as 
above with the eye-piece and found to be satisfactory, the slider is adjusted in 
the reoess so that the marks upon it are in the same vertical line with those upon 
the rigid framework. Maintaining the slider in this position the diaphragm, if not 
already so arranged, is then moved in the guiding-grooves of the slider until the same 
position as before is attained, when the lines are seen simultaneously focussed in the 
oentres of the slits. A vertical mark is then likewise made upon the tin-foil dia¬ 
phragm by means of a fine needle, exactly in the same line as the other marks. The 
leading of the prism circle is observed while so adjusted, and recorded. It is then 
only necessary at any subsequent time, when it is desired to employ that particular 
diaphragm, to place it in the slider with the mark in line with the two marks on the 
latter, then to place the slider in the recess so that these marks are also in line with 
those on the slit-frame, and to set the prism circle to the reading previously recorded 
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for this setting of the particular diaphragm ; on illuminating as usual by means of the 
lantern, light of the desired wave-lengths will emerge from the slits. 

The wide-angle polariscope alluded to in the last section is of course employed as 
observing instrument, in order that the whole figure may be visible in the field at 
once. Having selected the diaphragm to be used, and placed it in position as above 
described, and set the circle to the reading recorded for the diaphragm, the diffusing- 
tube is attached in front of the slit-frame and moved as far from the latter as is 
allowed by the length of the rod, and the ground-glass screen is plaoed right at the 
end furthest from the slit. A cylindrical lens of short focus, carried on a convenient 
stand, is then introduced between the diflusing-tube and the slit-frame, its plane side 
towards the latter, in such a position that the two or more lines of light are directed 
upon the same space in the centre of the ground-glass screen, where they are well 


Fig. 6. 



mixed and diffused. It is quite easy in this way to produce a patch of white light 
upon the screen, by employing a diaphragm pierced by two slits of the necessary 
apertures, through which yellow and blue rays of the requisite wave-lengths are 
transmitted and afterwards properly blended by the cylindrical lens. Upon bringing 
the polariscope close up to the diflusing-screen the field is brilliantly illuminated with 
light of the colour produced by the admixture of the pure colours emanating from the 
two or more slits, and if a section of a crystal exhibiting the phenomenon of crossed 
axial planes is introduced between the converging-lens systems the composite inter¬ 
ference-figure will be observed. The arrangement is represented in fig. 6. 
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Use of the Instrument in the Determination of Refractive Indices. 

The instrument now described is admirably adapted for supplying the monochro¬ 
matic light necessary for refractive-index determinations, either by the method of 
refraction, or by the method of total reflection. The results in either case are, to 
say the least, quite as accurate as are afforded by the direct employment of lithium, 
sodium, and thallium flames, or the light from incandescent rarefied hydrogen; and 
the observations are immensely facilitated by the much more brilliant illumination of 
the images of the slit, and the better definition of the limiting line of total reflection, 
and by the ease with which the change from one wave-length to another can be 
effected. Moreover, the observations may be supplemented, as in the case of optic 
axial angle determinations, by observations for as many other wave-lengths as it may 
be considered desirable to employ. 

Fi*. 7. 



For the determination of the minimum deviation of rays refracted by prisms, 
furnished by suitably inclined existing faces upon the crystal, or prepared by grinding, 
the disposition is shown in fig. 7. The highly accurate and in every way admirable 
horizontal circle goniometer, reading to thirty seconds of arc, constructed by Ftmss 
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of Berlin, is used as refractometer. This instrument, and the supporting stand which 
raises it so that the optical tubes are brought to the level of the eye, are placed in 
front of the diffusing tube of the monochromatic light apparatus, just as were the 
axial angle goniometer and its stand. The form of stand shown in the illustration is 
particularly convenient, both for ordinary goniometric and spectrometric observations. 
The lower and broader base of polished mahogany, covered beneath with cloth, so as 
to be easily moved over the polished table, serves as support for a protective glass 
shade when the instrument is not in use. Upon this rests a second base of smaller 
surface but of about the same height, about four inches, and of similar polished 
mahogany; it may with advantage carry a drawer in which the accessories of the 
instrument may be kept, and is covered underneath with cloth so that it can be 
moved easily over the larger base. The levelling screws of the goniometer rest in toe 
plates, also covered underneath with cloth, placed upon the surface of the smaller 
base. The weight of the instrument is ample to prevent movement during the 
observations, while this mode of mounting enables the goniometer to be placed in any 
convenient position upon the upper base, and the latter as well as the lower base to 
be independently arranged in the most convenient positions for the work in hand. 

The illumination tube supplied with the goniometer, to be placed in front of the 
slit of the collimator, and which consists of a tube about five inches in length 
carrying at its further extremity a condensing lens of 1^-inch aperture, is very con¬ 
venient, not so much on account of any increase in the intensity of illumination, 
which is usually but slightly augmented by it, as because the source of light may 
then be employed with equal advantage at a further distance from the slit. 

Before commencing the observations a folding screen of three folds, lined inside 
with black velvet, and made of such a size as to rest in the outer groove of the lower 
base-board, is placed behind and on either side of the spectrometer. A circular 
aperture is cut in the middle fold, somewhat to the right of the centre, of sufficient 
size to permit of the passage of the illumination tube of the spectrometer. A second 
aperture of somewhat larger size is also cut at the same height in the middle fold 
near the left corner, and is provided with an easily moving door so that it may be 
closed when not required. Behind this larger aperture is placed the goniometer 
lamp described in the preceding communication, and which is shown in the back¬ 
ground in the illustration, from which the screen is omitted for obvious reasons. 

In order to adjust the prism and to measure its angle, the spectrometer is arranged 
with the illumination tube of the collimator directed towards or passing just through 
the larger aperture, so as to receive the light from the goniometer lamp. The door 
may be partially closed so as to shut off most of the light from the observer while 
adjusting the images of the slit to the cross wires. 

The prism is first adjusted and centred by means of the circular and rectangular 
motions provided for the purpose, and the angle is then measured in the usual 
goniometrical manner. For the adjustment a white background is an advantage, in 
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Older that the crystal may be well seen when using the telescope as a microscope by 
rotating the movable lens into position in front of the object-glass. But for the 
accurate adjustment of the images of the slit, reflected by the faces of the prism, to 
the cross-wire of the telescope when measuring the angle of the prism, just as in 
making ordinary goniometrical measurements, a dark background is required. In 
order to supply either background as desired, and with the minimum of trouble, the 
little arrangement shown behind the goniometer in the illustration serves admirably. 
It consists of a strong brass pillar screwed into a bevelled foot-plate which is capable 
of sliding in a dove-tailed groove in the heavy metal base, so that the pillar may 
readily be brought opposite the telescope when this cannot be done by movement of 
the whole without bringing the base partly over the edge of the supporting box. 
The pillar is pierced by an axle at about a third of its height, to the front end of 
which is attached an arm which carries the dark background in the form of an ebonite 
sector. The axle is easily moved by a lever handle attached to the axle at the back 
of the pillar. The amount of rotation is limited by cutting a piece out of the axle 
nut into which the arm is screwed, and fixing a pin into the bearing, so that the axle 
can only be moved round a little more than 45° from the position in which the arm is 
vertical, when its motion is arrested by the stop-pin. The white background is 
formed by a similar sector of white xylonite fixed to the pillar. When the movable 
arm is vertical the ebonite sector completely covers the white background ; when the 
lever is touched the ebonite sector moves over to the left, and a large portion of the 
white xylonite sector is exposed. In order to screen the crystal and the objectives 
of the collimator and telescope from any overhead light, a thin metallic canopy, 
darkened underneath, is suspended over the goniometer from a bent brass rod resting 
loosely in a socket drilled into the top of the pillar which carries the backgrounds, so 
that it may be rotated out of the way while reading the verniers. 

Ample light for reading the verniers may be obtained from the goniometer lamp by 
temporarily opening widely the door of the aperture. 

Having measured the angle of the prism, the direct reading of the slit of the 
collimator may be taken at once while the goniometer lamp with protective cylinder 
is in position, and the position of minimum deviation of the spectrum produced by 
the crystal prism also found, so that time may be saved when using the monochro¬ 
matic light arrangement. The Websky slit employed in the preliminary gonio¬ 
metrical observations is retained for the measurement of minimum deviation. This 
slit is formed by using as jaws the adjacent portions of two circular discs, whose 
circumferences almost touch, the aperture thus produced combining the advantage of 
a narrow middle portion which can be accurately adjusted to a cross-wire, with 
broader ends which pass so much more light. 

It will be observed in fig. 7 that the dais of the monochromatic light apparatus 
is rotated under the base-board for a right angle ; this is advisable in order that the 
large base of the goniometer may be pushed for a little distance under the base-board, 
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so that the goniometer may be approached closely to the monochromatic light apparatus 
without leaving an inconvenient amount of the lower base projecting towards the 
observer. After completion of the above preliminaries the goniometer is rotated into 
the position shown in the illustration, when the axis of the collimator of the gonio¬ 
meter forms a continuation of that of the exit-tube of the monochromatic light 
apparatus, and the illumination tube passes through the smaller aperture in the 
screen and enters the diffusing tube, its objective nearly touching the ground-glass 
screen. The more finely-ground screen affords the best illumination of the Websky 
slit. The goniometer lamp is used during the observations of minimum deviation in 
order to illuminate the verniers, which it does very brilliantly when the door of the 
aperture is temporarily opened. 

Upon generating the light in the lantern, setting the prism circle to the reading 
recorded for light of the first wave-length to be employed, and observing through 
the telescope of the goniometer, the two images of the Websky slit (supposing the 
crystal to be bi-refringent) in the colour corresponding to the desired wave-length, and 
corresponding to the two indices of refraction afforded by the particular prism, will 
be observed in the field of the telescope. These images are then to be accurately 
arranged for minimum deviation, brought to the cross-wire by movement of the 
telescope, and the readings of the goniometer circle taken in the usual manner. In 
order to determine the direction of vibration of the rays corresponding to these 
refracted images it is usual to interpose a nicol prism somewhere in the path of the 
ray. Such a nicol is supplied with the goniometer for insertion in the illuminating 
tube ; it is more convenient, however, to employ it as an adjunct of the telescope, 
placed in front of the eye-piece. It can then be readily removed if it is desired to 
observe both images in the field at once, or to avoid loss of light while placing the 
images; it need only be employed in order to determine their planes of vibration, 
and to extinguish each in turn while placing the other to the cross-wire in cases of 
feeble double refraction when the images are so close as to almost or quite overlap. 
Such a nicol is supplied by Fuess for use with the Liebisch total-reflectometer; it is 
mounted in front of a telescope similar in power to the one most frequently employed 
for goniometrical work, but fitted with a silvered indicating circle, against which the 
graduated circle of the nicol rotates, and the nicol itself is constructed with flat ends, 
which pass more light. 

The brightness of the images obtained by use of the monochromatic light apparatus 
now described is far superior to that obtained by illuminating the slit with coloured 
flames, and the images observed with C, F, and G light are immensely brighter than 
those afforded by the use of a hydrogen Geissler tube. Of course the actual bright¬ 
ness depends upon the individual'crystal prism with which the observations are being 
carried out. In case the practice is followed of increasing the transparency of the 
prisms and obliterating any slight distortion of the faces by cementing thin glass 
plates over the faces, with a solution of balsam in benzene, the definition and bright- 



MONOCHROMATIC LIGHT OF ANT DESIRED WAVE-LENGTH. 937 

ness of the images is always admirable. The ground and polished faces furnished by 
the instrument described in the preceding communication, however, are so plane and 
brilliant that excellent images are obtained without the use of glass-covering plates. 

Having reoorded the two pairs of readings of the goniometer-circle verniers for 
the two images afforded by light of the first wave-length, similar observations are 
made for the remaining wave-lengths by setting the prism circle of the monochromatic 
light apparatus to the proper readings. The whole series of observations are then 
repeated with the ^telescope arranged upon the other side of the direct reading of the 
slit, and the light incident upon the other face of the crystal prism; the mean values 
derived from observations with the same wave-length in the two series are then taken 
as representing the true angular values of the minimum deviation for light of those 
wave-lengths. 

When it is desired to make determinations of refractive index at different 
temperatures the larger goniometer of Fuess, the micrometer of which reads to ten 
seconds of arc, is employed, together with the heating apparatus provided with it. 
It is arranged in connection with the monochromatic light apparatus, precisely like 
the goniometer above referred to. The advantage of employing the form of mono¬ 
chromatic light apparatus now described is here particularly evident, for it is possible 
to complete the whole series of observations for any one temperature in a very brief 
interval of time compared with that taken up by observations with flames and 
Geissler tubes, during which the temperature can more easily be maintained constant. 
This larger instrument may, of course, be employed for determinations at the 
ordinary temperature if such a course is considered desirable, but usually the some 
what smaller and much more handy instrument is preferable. 

In order to employ the monochromatic light apparatus for the purpose of the 
determination of refractive indices by means of the total-reflectometer of Liebisch, 
the crystal holder of the goniometer is replaced by the total-reflectometer, which 
may be either the smaller instrument used with the goniometer No. 2a, or the larger 
type employed with the. large goniometer No. 1. The crystal plate is gently 
pressed by means of the delicate arrangement provided for the purpose, terminating 
in a series of Cardani rings whose inner disc carries the crystal, against one face of a 
highly refracting heavy glass prism, whose angle and whose refractive indices for 
different wave-lengths are known. Any minute inequalities in the surface -of the 
crystal plate preventing absolute contact between it and the prism are rendered of no 
consequence by introducing a film of a highly refractive liquid such as a-mono- 
bromnaphthalene between the two surfaces. In the prisms supplied by Fuess with 
the total-reflectometer the face upon which the light is to be incident is ground, so 
that the incident light is sufficiently diffused without the necessity of interposing a 
diffusing screen between the source of light and the prism. 

It is only necessary, therefore, to arrange the goniometer so that the ground face 
of the prism receives the monochromatic light issuing from the exit slit. The most 
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convenient distance of the prism from the slit is about eight inches. The diffusing 
tube is removed from in front of the exit slit, and the direct light from the latter 
may then be concentrated upon the ground face of the prism by means of a condensing 
lens of three or four inches focus, an ordinary microscope condenser on stand fitted 
with ball and socket joint serving admirably. The illumination is much greater than 
when the condensed light from coloured flames is employed, and the limiting line of 
total reflection can be more readily adjusted to the cross-wire of the telescope. The 
latter is accurately adjusted for parallel rays, and carries a nicol prism in front of the 
eye-piece in order to extinguish one of the limits in the case of doubly refracting 
substances, while rendering the other limiting line more distinct. Care must be 
taken to avoid the admission of light into the objective of the telescope other than 
that which emanates from the surface of contact between crystal and prism, in order 
that the limiting line shall be as distinct as possible. For this purpose the small tube 
supplied with the instrument, which adapts on to the objective end of the telesoope, 
is used. This tube is made to terminate, as close to the crystal as is compatible with 
the necessary amount of rotation of the total-reflectometer, in a cap pierced by a 
rectangular aperture of suitable small size. As the illumination by the monochromatic 
light apparatus now described is so good, the author uses a cap with an aperture only 
half the size of the smallest supplied by Fuess, namely, about one-and-a-half by one 
millimetre, thus being quite certain of the exclusion of other light than that from 
even a small crystal. By moving the condenser after finding the limiting line, so 
as to alter the angle of incidence, a position will be found for which the greatest 
difference of illumination on the two sides of the line is apparent, when it may be 
most accurately brought to the cross-wire. 

The adjustment of the crystal upon the total-reflectometer, and of the prism of the 
latter with respect to the goniometer, and also the determination of the position of 
the normal to the face of the prism from which the totally reflected light emerges, 
should first be carried out in white light in the manner described by Liebisch,* 
employing the goniometer lamp. 

The determination of the angle or angles of total reflection is then carried out by 
bringing the limiting line or lines of total reflection to the cross-wire of the telescope, 
employing light of each desired wave-length in turn. During these operations the 
circle is maintained clamped to the crystal carrier as it was when determining the 
position of the normal to the prism face, in order to be able to ascertain the angular 
difference between that position and the direction of the various limits of total 
reflection, from which, together with the knowledge of the angle and refractive indices 
of the prism, the required angles of total reflection can be calculated. Having taken 
two sets of such observations if the crystal is bi-refringent, with the aid of the nicol, 
for the two limiting lines corresponding to the first desired position of the crystal, 
the whole series are repeated with the crystal rotated in its own plane by means of 
* ‘ Zeitschrift fUr InBtrumentenktmde,’ 1884, 185, and 1885, 13. 
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the small graduated circle of the total-reflectometer, for as many positions (having 
reference to the axes of optical elasticity) of the crystal as it is desired to record 
observations for. 


Use of the Instrument in Stauroscopical Observations. 

The determination of the directions of extinction for different colours, exhibited by 
plates of crystals ’belonging to the monoclinic and triclinic systems of symmetry in 
parallel polarised light between crossed nicols, in order to ascertain the directions of 
the principal optical planes, by means of the stauroscope or a microscope arranged as 
such, may very readily be carried out with the aid of the monochromatic light 
apparatus described in this communication. It is only necessary to place the stauro¬ 
scope or microscope in front of the exit slit, so that the mirror usually carried by 
either of the instruments mentioned receives the line of monochromatic light at such 
an angle as to reflect it up along the axis of the instrument. The nearer the mirror 
is to the slit, the better the illumination. The diffusion into an even field of light is 
effected by use of a ground-glass diffuser carried as a cap at the lower end of the 
stauroscope, or fixed on the end of the polarising prism of the microscope. 

As, however, the use of the mirror causes some loss of light, by absorption at the 
back surface, the author prefers to conduct stauroscopical measurements with the 
stauroscope or microscope arranged horizontally, so as to be able to utilise the ordinary 
diffusing-tube of the monochromatic light apparatus, and to thus make use of the 
whole of the light issuing from the exit slit. Of course this necessitates that the 
crystal plate shall be firmly held on the stage, which is now vertical. Monochromatic 
light, however, is only required when making the actual measurements of the angles 
of extinction, during which the crystal plate is cemented upon the small rectangular 
glass plate provided for the purpose, one of whose edges coincides with a known 
reading of the circle and makes a goniometrically-ascertained angle with an edge of 
the crystal plate. Hence, for stauroscopical measurements there is no necessity for a 
vertical arrangement of the observing instrument, and the horizontal arrangement has 
the further advantage that thfe observer is then enabled to make the observations 
while seated, with the eye looking forwards at the normal height, a condition in which 
he is far better able to appreciate minute differences of light and shade in the two 
halves of the Calderon double-calcite plate, which is now generally employed in order 
to increase the accuracy of determinations of extinction, than when a vertical arrange¬ 
ment is employed. 

As the best crystallographies! microscopes are provided with a swing arrangement 
which enables them to be placed horizontally, there is no difficulty in so employing them 
for staurosoopical observations. It is only necessary to rotate the mirror out of the 
way, and to bring the instrument close up to the monochromatic light apparatus so 
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that the end of the tube which carries the polarising nicol almost touches the ground- 
glass diffusing screen, carried as usual in the tube mounted in front of the exit slit, 
and to make the axis of the microscope a continuation of that of the exit tube of the 
monochromatic light apparatus. 

In order to use horizontally the stauroscope forming part of the universal apparatus 
supplied by Fctess, a very simple addition in the form of a supporting stand of wood 
is all that is required. The stauroscope is supported horizontally upon the base-board 
by utilising the metal foot, upon which the instrument usually stands, as one support, 
and a similar one of hard wood firmly fixed to the base-board as support for the 
other end of the rod of triangular section along which the optical tubes slide, and from 
which they now depend. The opening between the two toes of the metal foot is ample 
to permit of the full aperture of the instrument being employed, and the toes are 
prevented from slipping off the base-board by means of a low protective rib of similar 
wood fixed to the latter. A piece is cut out of the wooden support in order to 
permit of the free movement through it of the optical tube carrying the analysing 
nicol and the half-shadow calcite plate, the aperture being left sufficiently wide to 
enable the vernier and circle to be easily read through it with the aid of a pocket 
lens. Although the amount of rackwork provided with the analysing tube will not 
permit the objective of the polarising tube to be conveniently brought close up to 
the ground-glass diffusing screen of the monochromatic light apparatus, as the 
crystal would then appear very small when observed through the analysing tube, 
still the illumination suffers little from this cause, and is superior to that which is 
obtained by employing the diffusing screen in the form of a cap fitting on the end of 
the polarising tube. When the whole arrangement is moved up so that the metal 
foot is within a quarter of an inch of the end of the diffusing tube, and the two 
optical tubes are likewise approached as near as the rackwork will permit, an 
excellent illumination is obtained on generating the light in the lantern, far more 
brilliant than is usually obtained from a sodium flame, and ample to permit of the 
most accurate determinations of the directions of extinction for light of any wave¬ 
length from that of lithium up to that corresponding to G of the solar spectrum. 
Of course the arrangement is equally applicable when any other form of stauroscopical 
plate, such as that devised by Brezina, is employed instead of the half-shadow 
Calderon plate. 

For merely studying the phenomena exhibited by loose crystals or crystal plates 
in parallel polarised monochromatic light, the vertical arrangement first mentioned is 
naturally employed. 

The foregoing represent only a typical few of the applications of the apparatus 
for producing monochromatic light described in the earlier part of this communica¬ 
tion. Its use may be extended to all other cases in which it is desired to illuminate 
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the whole field of on optical instrument, or any portion of it, with light of any wave¬ 
length or of any definite composition whatsoever. 

The instrument has been admirably constructed by Messrs. Troughton and 
Simms, and the author is particularly indebted to Mr. James Simms for the success 
of the optical portion of the apparatus. The author desires further to express his 
indebtedness to the Research Fund Committee of the Chemical Society for their grant 
to defray the cost of the instrument. 
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XVI, On the Specific Heats of Gases at Constant Volume .—Part II. Carbon Dioxide. 

By J. Joly, M.A., Sc.D., F.R.S. 

Received March 9,—Read April 26, 1894. 

The present paper .is occupied with an experimental investigation into the variation 
of the specific heat at constant volume of carbon dioxide attending change of absolute 
density. The investigation is in continuation of a previous one,* in which Carbon 
Dioxide, Air, and Hydrogen were the subjects of a similar enquiry over low ranges of 
density. It appeared to me desirable to extend the observations more especially in 
the case of carbon dioxide, because of the extended knowledge we already possess of 
its isothermals, and the fact that its critical temperature is within convenient reach. 
Other physical properties of the gas have also received much attention of recent 
years. It is also readily procured in a nearly pure state. 

The observations recorded in this paper extend, in the one direction, to densities, 
such that liquid is present at the lower temperature ; and in the other, to a junction 
with the highest densities of the former paper. A plotting of the new observations 
is in satisfactory agreement with the record of the old. It reveals, however, the fact 
that the linear nature of the variation of the specific heat with density, deduced from 
the former results, is not truly applicable over the new, much more extended range of 
observation. For convenience the chart at the end of this paper embraces the former 
results, and the present paper is extended to include the entire results on the variation 
of specific heat with density where the range of temperature, obtaining at each 
experiment, is approximately the same : that from air temperature to 100° C. 

Part III. of this investigation will contain an account of experiments on the varia¬ 
tion of the specific heat with temperature when the density is kept constant. The 
division is for convenience of reference. 

The value of Professor Fitzgerald's assistance and advice, and his kindness in 
giving them to all seeking his help, are so well known, that it is needless to say that 
this present research owes much to his assistance. He is not, indeed, responsible for 
mistakes I may have fallen into, but he is to be thanked for saving me from committing 
many. 

The arrangements for carrying out the experiments are essentially the same as 

‘Phil. Trans.,’ A., vol. 182, 1891, pp. 73-117. 

28.12.94 
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those described in Part I. Some modifications in the structure of the calorimeter, Ac., 
must, however, be noticed. 

The differential form of the steam calorimeter was used throughout; the mode of 
experiment being to compare the calorific capacity of a strong spherical copper vessel, 
firstly when containing but one atmosphere of the gas, and secondly when charged 
with the requisite mass of the gas, with that of an idle vessel of closely similar mass 
and volume. Each of these comparative observations embraced a series of from three 
to ten experiments, according to the mass of gas operated upon ; a larger number 
being requisite when the mass was small. The identical calorimeter, described in 
Part I, was used in the present experiments up to the completion of the experiments 
of Table IX. An improved differential calorimeter was then completed for the 
requirements of the experiments upon the temperature variation of the specific heat. 
It was accordingly taken into use, and with it the experiments were completed. As 
its peculiarities of construction are mainly to render it suitable for the experiments 
described in Part III., its description is deferred to that paper. 

To carry out experiments at the high pressures contemplated, new copper spheres 
of greater strength than the former ones had to be provided. The dimensions were 
also reduced, and, what was most important, the brazed equatorial joint entirely 
dispensed with. This was effected by spinning the entire sphere out of the one piece 
of copper till the vessel was closed down to an orifice of about 2 centims. in diameter. 
Into this opening an accurately turned piece of gun-metal was brazed. Still further 
to diminish the number of joints, this piece of brass was so formed that it constituted 
the valve seat receiving the steel screw-valve, and carried the connecting nozzle used 
in filling it.* Several of these vessels were made, designed to have a capacity of about 
80 cub. centims., and to be 2 millims. thick in the walls. Assuming the tensile 
strength of copper to be 2 X 10 6 grammes per square centimetre, these vessels would 
possess a bursting strength of some 300 atmospheres. The safe limit would be about 
100 atmospheres, which pressure was somewhat exceeded on one occasion. One of 
these vessels having been chosen for use, its internal and external volume were 
measured. The external volume was found to be 98752 cub. centims.; the internal, 
83*168. Its mass was 137*00 grammes. The external volume of the idle sphere was 
found to be 99*810 at 13° C. ; and the mass, 135*55 grams. 

The active sphere was now tested by putting into it some 12 grammes of carbon 
dioxide, and heating it in a current of steam for 15 or 20 minutes. It became visibly 
more truly spherical by this treatment, and a re-determination of its external volume 
afforded 101*737 cub. centims. at 16° C., showing a stretch of 2*985 cub. centime., 
probably due principally to a more perfect sphericity. The experiments on the gas 
were now begun, using a mass of 10*5 grammes. Later on, after the experiments of 
Table IX., the volumes were again determined. The external gave 101*788 cub. 
centims. at 16°*7 C., which may be considered identical with the previous result; the 

* See Part I. (loc. c if.), p. 78. 
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internal volume was 86*127 sub. centime, at 16°*7 C. Comparing these last with 
the first results, obtained before the testing of the sphere, we find that the first 
results give a volume of copper of 15*584; tire last results, 15*611. The results of 
the measurements of volume therefore agree satisfactorily, and, for the experiments 
of Tables I. to XII., the foregoing volumes are adopted. 

Upon the completion of the experiments of Table XII., a new series, involving 
much higher pressures, being entered upon, a preliminary test of the sphere was made 
with the first charge of C0 8 dealt with. This weighed 18*76 grammes. With this 
charge the sphere was heated for 15 minutes in steam. There was no leakage 
whatever, and a determination of the external volume revealed that this had risen to 
105*595 cub. centime. If from this the volume of copper, 15*611, is taken, the 
internal volume is found to be 89*984, a further increase of 3*85 cub. centime. This 
volume applies to the results given in Table XV., as well as to all those subsequently 
made, recorded in Part III.; for a last determination of the external volume, at the 
completion of all the experiments, gave 105*520 cub. centime, at ll°*5 C., showing 
that there was no further increase. These details are given here connectedly as 
drawing attention to the necessity of careful observation of the volume of the vessel 
when making such experiments. Otherwise serious error might be introduced into the 
calculation of the density of the gas. It would appear as if the change of volume was 
all along mainly due to change of shape. If drawing of the copper had been going on 
to any considerable extent, the prolonged and severe strains incident to the experi¬ 
ments of Part IIL must have produced a marked increase of volume. No such was 
measured, however. 

The elastic yielding of the vessel was determined by an experiment in which 
10*542 grains, of C0 2 at the temperature 16°*3 were released from the sphere, its 
external volume being accurately determined (by its displacement in water) before 
and after the release. A loss in buoyancy of 0*089 gramme of water at 16°*S 
occurred, which, reduced to cub. centime., gives the shrinkage as 0*0891 cub. oentim. 
due to a decrease of pressure of 44*5 atmospheres. This shrinkage is so small that a 
mass of gas inserted in the sphere may be determined without correction by simply 
weighing the vessel before and after filling. Thus, in the above case, the neglected 
correction upon W for change of displacement in air at 16° and 760 millims. has the 
value 0*0891 X 0*00122 = 0*00010 gramme. As this is the case of a considerable 
charge of gas, such a correction is evidently negligible. 

It is, perhaps, further of interest in connection with the particulars of the vessel 
employed for holding the gas to observe that there is a precipitation of over 2 grammes 
of steam due to its own calorific capacity between an air temperature of 10° and 
steam at 100° C. The experiments, however, show that some 4 or 5 grammes of C0 2 
(giving precipitations of about 0*135 and 0*172 gramme over a similar range) may be 
dealt with, and the specific heat determined readily to about 1 per cent, of accuracy 
(see Tables VII., VIII., XI., XII.). Experiments on a mass so small as 3 grammes 
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(Table IX) were, however, not so concordant with those recorded in Part I, obtained 
with the lighter vessel then used. This is not to be wondered at when it u 
remembered that a 1 per cent, accuracy in the case of dealing with 4 grammes of gas is 
already a determination closer than one part in 4000 of the total precipitation upon 
the two vessels in the calorimeter, or one two-thousandth part of that upon the vessel 
containing the gas. 

The carbon dioxide used in the experiments was obtained from the brewery of 
Messrs. Guinness and Co. In the brewery it is removed from the fermenting vats, 
from a level low down, some 15 or 20 feet below the edge of the vat, which remains 
filled with the gas. It is then purified by washing with water and treatment with 
permanganate of soda, and compressed into iron bottles. In use it is best to invert 
the bottle somewhat, so as to draw from the liquid. The gas used in the earlier 
experiments had a faint alcoholic smell. Later, gas was supplied to me through the 
kindness of the head engineer, Mr. Gboghegan, which had no perceptible odour. 
Derminations of the amount of impurity were frequently made, by absorption with 
alkaline pyrogallol of some 65 cub. centims. of the gas over mercury. The impurity 
(air, probably) was in all cases small; at worst, about 1 part in 360 by volume. A 
series of experiments (Table XII.) was carried out upon gas prepared in the laboratory 
from pure bicarbonate of soda, and pumped into the sphere with the aid of the 
mercury pump, described in Part I. This gas contained, according to subsequent 
determination, an impurity of only one part in 1015 by voluma These experiments 
reveal no discrepancy with those made upon the less pure gas. It is, iudeed, not to 
be expected that the impurity of one in 360 by volume would produce a perceptible 
error. In filling the gas into the sphere it was passed through an iron drying tube 
about 1 oentim. in diameter and 35 centims. in length, filled with asbestos and 
phosphorus pentoxide. It was found that the transfer of the liquid into the sphere 
was greatly facilitated by cooling the latter with ether poured on muslin placed 
around it. 

The first series of experiments were made upon a charge of 10‘542 grammes, which 
by determination showed an impurity of 1 in 485 by volume. They are contained 
in the following table, and the succeeding table gives a calorimetric comparison of the 
empty spheres applicable to the experiments. The mode of estimating the pressure, 
obtaining and of evaluating the deduction to be made for effects other than that (or) 
due to the calorific capacity of the gas at constant volume, is given further on, after 
the experiments have been recorded. 
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Table I.—197's= 10*542 grammes. Mean Absolute Density = 0*1288. Mean 

Pressure s= 59'0 Atmospheres. 


*v 

h* 

X. 


W. 

16*90 

99*92 

636*5 

83*02 

0*3391 

16*90 

100*04 

636*5 

83*14 

0*3402 

1690 

99*98 

536*5 

83*08 

0*38965 


Corrections for spheres as — 0*01825. 

Other corrections as — 0 00087. v = 0*32053. 


Deduced specific heat = 0*19634. 


After these two experiments, the total mass of gas was passed through an 
equilibrated U-tube containing phosphoric anhydride, with the result that the 
drying tube lost 1 milligramme in weight. The following experiments afforded the 
corrections for the spheres given in Table I. The minus sign applied to the numbers 
in column ot is used to indicate that the excess precipitation was on the active vessel, 
and hence the correction is subtractive from the apparent result for the gas. 


Table II.—Comparison of the Empty Spheres. 


V 

*2* 

t» ~ h- 

U), 

16*21 

99*80 

83*59 

—0*0190 

16*85 

99*91 * 

83*06 

-0*0176 

16*02 

99*94 

83*92 

-0*0187 

16*80 

99*93 

83*13 

-00181 

16*80 

99*74 

83-1*1- 

-0*0181 



83*33 

-0*0183 


A fresh mass of gas was now introduced, and the experiments contained in 
Tables III. to IX. made upon this sample, successive quantities being liberated at 
the conclusion of each series. 


6 E 2 
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Table III.—W 35 = 9*6339 grammes. Mean Density ss 0*1X325. Mean 
Pressure = 55*0 Atmospheres. 


h- 

** 

X. 

h ~~ h' 

to. 

1610 

99-41 

536-9 

83*81 

0*3102 

16-72 

99-30 

537-0 

82*56 

0*3061 

15*93 

99-49 

586-9 

83-56 

0-3098 

15*65 

99-41 

536-9 

83-76 

0-8115 

1610 

i" ' ' 

99-40 

536*9 

83-30 

i . " . . " ' 

0*3094 


Correction for spheres as — 0 02024. 

Other corrections = — 0*00072. v = 0*288 14. 


Deduced specific heat = O'19298. 


Table IV.—W = 8*6250 grammes. Mean Density=0*1016. Mean Pressure =51 

Atmospheres. 




X. 

t 2 — t V 

to. 

16-73 

99*39 

536-9 

82*66 

0-2722 

15*61 

99*69 

536-7 

84-08 

0-2780 

1639 

99*74 

536-7 

83-35 

0-2746 

15-20 

100*02 

! 

536-5 

84-82 

0-2792 

15-98 

: 

9971 

5367 

83-74 J 

i 

0-2760 


Correction for spheres = — 002032. 

Other corrections — — 0*00062; v — 0*25506. 


Deduced specific heat = 0*18955. 
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Table V.-^W 3=7*5896 grammes. 


Mean Density = 0*08912. Mean Pressure=46*0 
Atmospheres. 



1620 

10005 

536-5 

83-85 

0-2416 

16-00 

100-04 

536-5 

8504 

0-2445 

16-77 

99-95 

536-5 

8418 

0-2417 

15*21 

99-42 

536-9 

84-21 

0-2422 

15-54 

99-86 

536-6 

84-32 

02425 


Correction for spheres as — 0-02047. 

Other corrections as — 0*00059; w as 0*22144. 


Deduced specific best as 0*18691. 



Table VI.—W = 6*4989 grammes. Mean Density = 0*07710. 
Mean Pressure = 40*5 Atmospheres. 
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Table VII.— W =s 5*8255 grammes. Mean Density = 0*08849, 
Mean Pressure = 85*0 Atmospheres. 


t v 

*%■ 

X. 



14-92 

99-99 

536-5 

8507 

01719 

15-81 

100-02 

536-5 

84-21 

0-1723 

14*98 

10009 

536*4 

8511 

0-1728 

1614 

100-00 

686-5 

83-86 

0-1701 

14-50 

10005 

536-5 

85*55 

0-1750 

15-27 

10003 

536*5 

84-76 

! 

0 17242 

Correction for spheres s. — 0*02056. 


Other corrections as — 0*00047. w = 0*15139. 


Deduced specific heat = 

0 17994. 



Table VIII. — W = 4*1450 grammes. Mean Density = 0’04980. 
Mean Pressure = 28‘5 Atmospheres. 


h- 

h 

X. 

h-h- 

U). 

15-52 

10000 

5365 

84-48 

01367 

1502 

10004 

536-5 

85 02 

0*1360 

1617 

100*04 

536*5 

83-87 

0*1345 

15-38 

10007 

536-5 

84-69 

01355 

16*68 

10007 

536-5 

83-98 

01349 

15-70 

10011 

536-4 

84-41 

01355 

15-74 

100-05 

536*5 

84-31 

0*13551 


Correction for spheres = — 0*02053. 

Other corrections = — 0*00038, v = 011460, 


Deduced specific heat = 0*17593. 






; <|f:. ; #ASBS AT CONSTANT VOLUME. 951 

Table IX.— W *s 3*0962 grammes. Mean Density = 0*0377. Mean Pressure = 21*6 

Atmospheres. 


*1- 

<*• 

X. 

4 *- h- 

W. 

1717 

10012 

536-4 

82-95 

01010 

KiOO 

10015 

536-4 

8415 

0-10405 


10011 

536-4 

82-79 

0-1031 


10009 

536-4 

8419 

0-1088 

■m 

10004 

536-5 

8303 

01032 

15-90 

99-93 

536-5 

84-03 

010395 

15-70 

100-25 

536-5 

84-55 

0-1046 

, 16-43 

10010 

536-4 

83-67 

010338 

Correction for spheres sc — 002031. 


Other corrections as — 0*00030. tr = 0*08277. 


Dednced specific heat as 

017138. 



The unsteadiness of the results with 3 grammes of C0 2 caused me to carry the 
reduction of mass no further. A test of purity applied to the remaining gas afforded 
a result the same as the former test. Both samples were from the one bottle. 

The following experiments were now made on the empty vessel: 


Table X. — Comparison of the Empty Spheres. 


h- 

t v 

h —* *i- 

io v 

16-34 

99*95 

83-61 

—0*0201 

17-29 

99-93 

82*64 

-00202 

17*30 

10001 

82-71 

-0*0209 

15*60 

99-94 

84-34' 

-0*0202 

1511 

10007 

84-96 

-0*0201 



83*65 

-0*0203 


These apply to the results in Tables 1II.-IX., as well as to the results in Tables XI. 
and XII. Some (additive) alterations had been made to the platinum catchwater. 
To these I in part ascribe the discrepancies between Tables II. and X. It is probable, 
too, that a small quantity of the phosphoric anhydride had been carried into the 
sphere in filling it with gas for the experiments of Tables IIL-IX., for it was 
observable that the mass introduced, according to the weighings made upon its 
insertion, appeared to be 9*6513, while the addition of all the quantities liberated, 
gave 9*6839 grammes. As there was certainly no leakage at any time, the weights 
obtained upon release of gas were adopted as true weights. 
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After this, all experiments were carried out in the new form of calorimeter described 
in Part III. To connect its results with those obtained in the old apparatus, the next 
set (Table XI.) were made upon gas taken from the same bottle used for the fore¬ 
going experiments. There iB satisfactory agreement with the results of Table VII. 


Tablb XL—W = 5*1585 grammes. Mean Density s= 0*0604. 
Mean Pressure = 84*0 Atmospheres. 


h • 


\ . 


. .. , , 

tv* 

1480 

100-08 

536-5 

85-28 

01682 

15-71 

10007 

5365 

64-36 


14-85 

10014 

536-4 

85-29 

0-16805 

1512 

10010 

536*5 

84-98 

016765 


Correction for spheres ss — 0*02062. 
Other corrections ss — 0*00045. v = 0*14658, 


Deduced specific heat os 0*17940. 


The next set (Table XII.) were cai’ried out on gas prepared from bicarbonate of 
soda by pure sulphuric acid and pumped into the sphere through drying tubes (as 
described in Part I.). The impurity in this gas was found to be 1 part (of air ?) in 
1105 by volume. 

Table XII.— W = 4*6290 grammes. Mean Density = 0*0554. 

Mean Pressure = 30*0 Atmospheres. 


A 

^2* 

V. 

*t ~ tv 

tv- 

14- 95 
1600 

15- 73 

14- 81 

15- 67 
1510 
1502 

10005 

9967 

99-70 

99-93 

99-89 

99-84 

99-62 

536*5 

536*7 

5367 

536*5 

536*6 

536*6 

536*8 

8510 

84-67 

8397 

8512 

84-22 

84-74 

84-60 

0-1528 

015145 

01489 

01513 

0-1502 

01512 

01495 

1518 

99-81 

586*6 

84-63 

0 15076 

Correction for spheres as — 0*02054, 

Other corrections as — 0*00042, w so 0*12980* 

Deduced specific heat «s 0*17780. 
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‘ Hi© next table contains the foregoing results collected. I have added, for 
convenience of reference, the experiments on carbon dioxide contained in Part I. 
(loo, cih). The mean density is designated p. 

Tables XIII.—Experiments on Carbon Dioxide. Low Pressure. 


Wo. 

w. 

h- 

h* 

P * 

Mean 

pressure. 

Sp. heat. 

I. 

10642 

16-90 

99-98 

01238 

590 

01963 

III. 

9-634 

1610 

99-40 




IV. 

8-626 

15-98 

99*71 

0*1016 


0.1895 

V. 

7-539 

15-54 

99-86 


460 

01869 

VI. 

6-499 

15*57 

99-63 



01889 

VII. 

5-326 

15-27 

10008 

00635 

35-0 

0-1799 

VIII. 

4-145 

1574 

100-05 

00498 

28-5 

01759 

IX. 

3 096 

16-43 

10010 


21*6 

01714 

XI. 

5168 

1512 

10010 


34*0 

01794 

XII. 

4-629 

1518 

99-81 

00554 

30-0 

0-1778 

Included in Part I. 

i. 

2*928 

926 

99*97 

001995 

12-2 


II. 

2*902 

10-25 

99*33 

001978 

121 


in. 

1*562 

10-46 

99*64 

0*01153 

72 

01684 

TV. 

5*552 

10*26 

99*76 

0-03653 

20-90 

01730 

V. 

5-757 

10-83 

100 01 

0-03780 

21-66 

01739 

VI. 

4-265 

10-82 

10016 

0 02850 

16-87 

01714 


The resuljbs collected in Table XIII. are not obtained without applying to the 
experimental results the corrections described in Part I., pp. 85, et seq. The follow¬ 
ing data apply:— 

Internal volume of active vessel = 101'737 cub. centime, at 16°‘0 C. 

Elastic yielding = 0 - 0891 cub. centim. for a pressure of 44‘5 atmospheres. 

The next table (XIV.) contains the principal data used in the calculations of 
corrections. 

Table XIV.—Data for Calculation of Corrections. 


Table. 

V/ 

Pi- 

▼wr 

P* 

EH 

Of. 

Cor. I. 

Cor. II. 

Cor. VII 

I. 

86-127 

44-5 

86-216 

710 

86-257 

000 

532 

-o-ooo 

96 

-00000 

9 

+0-000 

18 

III. 

86-125 

42-0 

86-208 

66*0 

86-245 

550 

90 

negligible 

18 

IV. 

86124 

39-5 

86-198 

600 

86-234 

576 

77 


15 

V. 


36-0 

86189 

54-0 

86-220 

543 

72 

n 

13 

VI. 

86123 

32-6 

86-182 

47-0 

86 “208 

540 

62 

»> 

11 

VII. 

86121 

29-4 

86-174 

390 

86*19] 

450 

56 

n 

09 

VIII. 

86123 

22-9 

86-164 

31-2 

86179 

428 

44 

u 

06 

IX. 

86-126 

17-9 

86-158 

287 

86-169 

387 

85 

>» 

05 

xi. 

86121 

27-8 


38-8 

86191 

494 

53 

4» 

08 

XII. 

86-121 

25-2 


34-9 j 

i 

86-184 

456 

49 

»* 

07 


6 p 
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Referring to Part I., for a general aooount of the corrections to be applied to these 
experiments, it is only necessary to recall here sufficient to explain the contents of 
the last table. In calculating the correction due to the effect of the thermal increase 
of volume of the vessel upon the contained gas several quantities have first to be 
deduced. The equation for the work done by the gas is 


e = {PjVJto - <,)} {1 + (« - fi) i (t s -r tj). 

The amount of this correction, expressed as a weight of steam precipitated upon 
the vessel, is to be deducted from the observed weight of precipitation. This sub¬ 
tractive quantity is given in the column headed Cor. I. of the table, the corrections 
being numbered in accordance with Part I. It is based upon the numbers contained 
in the previous column. The second column contains the initial volume of the sphere 
corrected for temperature only, on a coefficient of thermal expansion (ft) of O’0OOO5. 
The third column contains an approximate estimate of the pressure P lf in atmo¬ 
spheres, due to the weight, W, of gas in the vessel at the initial temperature, t x . 
In the fourth column the effect of the pressure upon the volume of the vessel is 
recorded, basing calculations upon the elastic yielding of the vessel experimentally 
found, as above. An estimate of the pressure, P 2 , at the steam temperature is given 
in the fifth column, and the distending effect of this in the sixth. The manner of 
estimating the pressures is desoribed later. The quantitiy, a, is given in the seventh 
column. It is calculated on the equation 


P.-Pi 
(<!-<!> P 1 


By use of the second and sixth columns, and the third reduced to dynes, Cor. I. is 
calculated. 

Correction II. deals with the elastic distension of the vessel and the effect of this 
in producing thermal effects on the contained gas. For this, the work 

, = P 1 V,log^. 

or, iu grammes of water, 

_ _ (TO {(log v a - log V,) (2-30)} 

25500 ’ 

the second, third, and seventh columns being used. Except in the case of the first 
experiment, however, this turns out to be a negligible correction. 

The column headed correction VII. contains the additive Correction obtained upon 
reducing the weight of precipitated water to vacuo. The other corrections treated 
of in Part I. are found to be negligible for these experiments, excepting, of course, 
that arising from the unequal thermal capacity of the two spheres. Thus, the 
correction for buoyancy due to distension of the sphere, while in the steam, numbered 
4 in Part I., affords but 0 - 02 of a milligramme in the most extreme case, and the others 
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(3 and 5 ofPart I.) are completely inappreciable. The final correction therefore to 
he applied to each experiment Is got by subtraction of the minus corrections I. and II., 
and addition of the plus correction VII. Each of the tables of experiments contains 
this amount at the foot, it being understood that the mean of each series of 
experiments is treated in all cases as the experiment to be corrected. 

I have not tabulated the figures used to derive the density of the gas, as they can 
be verified comparatively easily from the table of corrections already given. Thus 
the mean density p of table XIII. is the quotient obtained when the total weight of 
gas in the sphere is divided by the mean volume of the sphere. The first quantity 
is got by adding to W, recorded at the head of each table of experiments, the weight 
of a volume of carbon dioxide equal to the initial volume of the sphere and at atmo¬ 
spheric pressure. For evidently this last quantity of gas, while it does not enter into 
the estimate of the mass producing the observed calorimetric effect—as it remains in 
the sphere during the comparison of the inactive vessels—yet must be considered 
in estimating the actual density of the gas. For the foregoing series. I. to X., a' 
mass = 0 1587 gramme of gas is added in each case to W ; calculated on a volume of 
86"12 cub. centime., a temperature of 16°7 C., and a pressure of 760 millims., the 
approximate volume, temperature, and pressure obtaining. 

The mean volume is obtained from the table for corrections (XIV.) by adding to the 
volume at f, and Pj the increase of volume due to the rise of pressure ^ (P 3 — P x ), 
and also the increase of volume due to the rise of temperature £ (t 2 — ^). 

Finally, the mean pressure obtaining during experiment is evidently that exerted 
by the total mass of gas confined in the volume obtaining at mean temperature 
augmented by the elastic distension due to the mean pressure sought. As, for 
calculation of errors, it is necessary to estimate the initial and final pressures due to W 
(not to the total mass), it is convenient and sufficiently accurate to add to the mean 
pressure due to W, the pressure due to the mass added, as above, in ascertaining the 
total mass. We may calculate this pressure on Andrews’ coefficient 0-0037 for 
change of pressure at constant volume between 20° and 100°, The pressure so 
estimated is found to be 1-15 atmosphere. I may observe, however, that I departed 
only so far from accuracy as to add the one atmosphere, as the degree of accuracy 
attained in estimating Pj and P 3 , and the mean pressure due to W, did not warrant 
addition of small quantities. 

The higher pressures were ascertained from Amagat’s recently published tables of 
the isothermals of carbon dioxide (‘ Annales de Chimie et de Physique,’ 6th series, 
voi. 29). A chart of densities (as abscissae) and pressures (as ordinates) was con¬ 
structed. The mass affording the V in Amagat's tables, is that of unit volume of 
carbon dioxide at 0° and 760 ie., 0 0019767 gramme. Hence 

s P x 0-0019767 
b ~~ (PV) 

6 F 2 
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This is convenient for use of the slide rule. On this chart, vertical lines Were 
drawn at the particular densities cutting the isothermals at points which afforded the 
pressures corresponding to the several isothermals. Unfortunately, Amaqat’s results 
do not descend to absolute densities below 0*08. For densities below this, I had to 
call in the few estimations of Andrews’. From these, curves were also plotted, hut, 
conveniently, of a different character. Andrews, in fact, gives pressures in atmo¬ 
spheres and fractional decrease of volume (i.e,, the fraction Vj/V®) at the temperatures 
6°*5, 64°, and 100° (‘ Proc. Roy. Soc.,’ 24, p. 458). Plotting these against each other 
we obtain isothermals which may be availed of by calculating the diminution of 
volume of the gas in the sphere at the temperatures of the isothermals as above. This 
is readily done, as the volume of the sphere (V 2 ) and the volume (V,) of the mass W 
at one atmosphere and at the above temperatures, may be calculated. These known, 
and the quotient of V,/V 9 marked upon the isothermals, the points so formed may 
be joined by lines crossing the isothermals diagonally, from which pressures, at any 
intermediate temperatures, may be ascertained. The mean pressures and the values 
of P x and P s were taken separately from these charts. At the lowest densities, the 
estimation of pressure is not very satisfactory. All the data necessary to amend the 
result at any time, when more connected results are available, are however contained 
in the tables. 

Upon the completion of the foregoing experiments, as the limit of stress to which 
the vessel might be subjected had not been reached, a fresh series was begun 
extending to higher densities. The sphere was tested with 18*7 grammes of the gas 
at 100° for 15 minutes. The sphere, as already mentioned, further increased in 
volume. The experiments then carried out are contained in Table XY. 


Table XV. —Experiments at High Densities. 


No. 

W. 

h- 

** 

X. 

to. 

a . 

b. 

C,. 

P • 

Mean P. 







-o-o 





1 

18-7647 

12-38 

99*98 

536-5 

10120 

257 

0911 

0 3223 

0-2096 


2 

18*764 7 

12*33 

100*09 

536 5 

10175 

257 

091/ 

3 

18-7647 

13-39 

100-08 

536-5 

0-9583 

255 

097 

0-3074 

0*2095 


4 

16-8398 

12*50 

100-17 

536*4 

0-8347 

257 


0-2917 

0-1882 


5 

16-8398 

12-86 

100-23 

536-3 

0-8213 

257 

090/ 

6 

16*8398 

14*60 

100-18 

536-4 


251 

109 

0 2334 

01882 

770 

7 

15*7502 

16-57 

100-25 

586-3 

0-6045 

248 

134 

0-3326 

01762 

75-0 

8 


12-56 

100-49 

536-2 

0-7285 

258 

118 

0-2717 

01763 

740 

9 

14 0313 

14-15 

100-58 

536 1 

0-5182 

253 

128 

0-2176 

0-1572 

690 

10 

14-0313 

1214 

100-61 

5361 

0-5771 

260 

118 

0-2876 

0T578 

68-5 

11 

12*8617 

15-09 


5361 

0-4416 

251 

097 

0-2025 

0*1443 

65-5 

12 

12*8617 

12-52 

100-64 

5361 

0-4561 

259 

115 

0 2030 

01444 

650 

13 

117664 

14-44 

100-62 

5361 


253 

099 

01992 

01828 

61-5 

14 

11*7664 

12-67 

100-60 

5361 

0-4119 

260 

099 

01994 

0-1322 

610 

15 

16 


12-47 

12-91 

100-53 

100-47 

5361 

536-2 

0-3624 

0-3594 

260 

260 

0911 

091/ 

0*1948 

0-1178 

56-5 

1 7 


16-49 

100*44 

536-2 

0-3478 

249 

090 

0-1942 

01177 

57*0 
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Looking at the three first experiments Upon 18*7647 grammes of gas, it is seen that 
the first two, having nearly the same range, afford a like precipitation (w) and the 
deduced specific heat is 0*822 ; but the third experiment, which is over a range 
commencing at a temperature (^) only one degree higher than the initial temperature 
of Hos, l and 2, affords a specific heat 0*307. This difference of 5 per cent, reveals 
the existence of a large thermal effect dependent upon In short, liquid carbon 
dioxide is present at the initial temperature. Looking down the table it is observable 
that so far as Experiment 10, similar wide variations of specific heat with small 
change of initial temperature occur. The remainder are sensibly free from this effect 
due to latent heat. . Thus, compare 11 with 12, and 13 with 14. All these last, from 
11 downwards, plot upon the prolongation of previous observation ; the others, as 
might be expected, lie upon a line rapidly bending upwards, away from the axis of 
density, and are not contained in the chart. 

The correction contained in column “a" is that due to the different thermal 
capacities of the vessels. It is derived from experiments given in Table XVI. 


Table XVI.—Comparison of the Empty Spheres. 


t v 

h- 


w. 

15*30 

100*65 

85-35 

- 0*0247 

12-89 

100-42 

87-53 

- 0*0256 

12-79 

99-87 

87-08 

- 0*0258 



86-65 

- 0*0254 


It will be observed that the correction is larger than formerly. This is in part 
accounted for by the increased volume of the active sphere. The change of medium 
during experiment produces an effect = V X 0*00062 (the difference of density of 
saturated steam and air at 100°), and in this way the increased volume of nearly 
4 cub. centims. causes an effect upon the balance of 0*0025 gramme. The outstanding 
increase in « is probably ascribable to lodgement of P a O B in the vessel, or even 
possibly to some chemical action between the CO a and the copper. From the mode 
of estimating W, upon liberation of the gas, this produces no error. 

In column “ b,” Table XV., is contained the result of all the other corrections 
calculated as in the previous experiments. The internal volume of the sphere is now 
89*984 cub. centims. at 13°*2 C. The elastic distension is taken as before. From 
these data the numbers in the next table are calculated. 
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Table XVII—Calculation of Corrections. 


No. 

B 

H 

B 

P S - 


a, 

Car. I. 

Cor. II. 

Cor. III. 

1,3 

89-880 

46-7 

90-060 

107-0 

90-179 


- 0-00 

101 



3 

89-985 


90074 

1070 


143 


15 


4, 5 

89-982 

47-1 

90069 

98-5 


127 

WB' v r 

15 

ISK*:^bI 

6 

89-993 

49-5 

90-081 

98-5 

90175 


IB 

15 

37 

7 

89-993 


90086 

94*0 

90167 

103 

122 

15 

30 

8 

89-982 

46-9 

90*069 

94-0 


114 

119 

15 

40 

9 

89-988 

48*9 

90078 

86-0 

90147 


121 

15 

30 

10 

89-980 

46-4 

90 066 

86-0 

90139 

096 

118 

15 

30 

11 

89-992 

48-0 

90082 

80-0 

90141 

076 

102 

15 

20 

12 

89-982 

46-5 

90-069 

80-0 

90131 

081 

108 

15 

20 

13 


45-5 

89-991 

74-5 

90039 

061 

104 

15 


14 

89-982 

450 

90071 

74-5 

90121 

063 

104 

15 

20 

15,16 

89-982 

42-0 

90 068 

680 

90111 

062 


15 

20 

17 

89-993 

43-0 


68-0 

90122 

061 

095 

15 

20 


The values of P 2 as well as the mean pressures in atmospheres are directly scaled 
from the plot of Amagat’s experiments, in which, as explained, pressure is plotted 
against density, and have little uncertainty about them. In the calculation of the 
mean pressures, as given in Table XV,, one atmosphere is added. The values of Pj 
(Experiments 1 to 10) are obtained from Amagat’s table of pressures at saturation of 
carbon dioxide ( loc. cit., p. 70). From this, too, we derive the following table, giving 
the masses of liquid and gas present at the initial temperatures of the experiments 1 
to 10, and the approximate temperature at which the liquid was entirely evaporated 
in each case. 

Table XVIII. 


No. 

Grams, of liquid 
present at ^. 

Grams, of gas 
at t v 

All gas. 

1 and 2 

7104 

11660 

0 

30 

3 

6-571 

12194 

30 

4 and 5 

4-523 

12-317 

20 

4 

4-670 

12170 

20 

6 

3-648 

13192 

20 

7 

1-686 

14-074 

18 

8 

3-358 

12-392 

18 

9 

0-551 

18-480 

15 

10 

1-510 

12-520 

15 


The chart on the next page showing the plotting of the experiments contained 
in this paper, and those on carbon dioxide contained in Part L, reveals that the specific 
heat plotted against density follows a slightly curved line, convex towards density. 
The plotting could only be carried so far as the density 0*150, owing to the pr esenc e 
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of liquid, at the initial temperature, above this density. Nor had I sufficient data to 
calculate out the latent heat effect, Ac., due to presence of liquid at higher densities. 

The former expression for the dependence of specific beat on density, p, was 

0y = 0-16577 + 0'2064p. 

A more accurate formula embracing all the experiments up to p = 0*150 may now 
be obtained:— 

Gy = 0-1650 + 0*2125p + 0*340p*. 

This accurately interprets the line carrying the mean results of the observations. 
At zero density, the specific heat at constant volume is thus 0*1650. 

The expression must only be considered as applying over the interval 12° to 100° C., 
and not beyond the density 0*150. As observed, the presence of liquid renders it 
inaoourate at higher densities. It is needful to define the initial temperature, seeing 
that the results of the observations recorded in Part III. show that at densities lying 
even much below 0150 the rate of variation of the specific heat with change of 
density is dependent upon the range of temperature obtaining. 

It is convenient to indicate these results upon the plate. Accordingly, a dotted 
line below the full curve conveys the specific heat over the range 35° to 100°, and 
one below this the specific heat between 56° and 100°. A third range of tempera¬ 
ture is dealt with in Part III., but its data are insufficient for plotting upon the 
plate; the results for this range, 78° to 100°, would appear to lie still lower. 

It is to be observed that the curvature almost dies out for the higher ranges of 
temperature. In feet, the gas behaves then more nearly as a perfect gas. Thus, 
from 35° to 100°, the specific heat is given, closely, by 

Gy = 0*1650 4* 0*2300/>. 
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XVII. On the Specific Heat* of Gases at. Constant Volume. —Part III. The Specific 
Heal of Carbon Dioxide as a Function of Temperature. 

By J. Joly, M.A., Sc.D ., F.R.S. 

Received March 9,—Read April 26,1894. 

The question of the dependence of the specific heat of carbon dioxide upon its 
density having been investigated, so far as is described in Part II., the further 
question remained over as to whether the specific heat of a gas is dependent upon, 
the range of temperature over which the gas is heated. The question was evidently 
within the power of the steam calorimeter to answer, provided arrangements were 
made for varying the lower limit of temperature—the initial temperature. To vary 
the upper limit by resorting to vapours other than steam would, on the large scale 
upon which operations were being conducted, have been costly and troublesome, 
although not attended with any inaccuracy, as the experiments of Wirtz* on the 
Latent Heats of several vapours, determined by the method of condensation, appear 
to show. It is to be observed, indeed, that the use of vapours other than water would 
allow- of operations being conducted upon smaller quantities of the gas, as it would be 
easy to find liquids whose vapours possessed a latent heat one-half or one-fourth as 
great as that of water ; and a construction necessitating but little loss of vapour at 
each experiment could be easily contrived. In this case, also, it would be necessary 
to provide a means of varying the initial temperature. Chiefly on the grounds of 
expense I decided upon the use of steam in conjunction with a means of altering the 
initial temperature. It appeared probable, too, that the alteration of the initial 
temperature between 10° and 100° would disclose the chief points of interest in the 
case of the gas under consideration, the critical temperature lying within this range. 

A means of altering the initial temperature was obtained by conferring such a form 
upon the steam calorimeter as would permit of the circulation of the vapour of a 
suitable liquid, boiling under atmospheric pressure, around an inner chamber containing 
the active and the idle vessels till these had acquired the temperature of the vapour. 
Steam could then be admitted directly into the inner chamber; the resulting precipi¬ 
tation upon the vessels being that due to the range defined by the boiling-point 
of the liquid and the boiling-point of water. The accompanying figure (from a 

* * Ueber (tine Anwendung dee Wasaerdampfcalorimeters zar Bestimmnng von Verd&mpfungs- 
wftnaeit.’ Karl Wirtz. Leipzig, 1890. 

MDCCCXCIV.—A. 6 G 


28.12.94 
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photograph) shows the details of construction in so far as there is departure frcm 
the general arrangements of the differential steam calorimeter, as described in the 
* Proc. Roy. Soc./ vol. 47, p. 218. 



The lids of both the inner and outer chamber are shown removed at the end 
nearest the spectator, so that the active sphere containing the gas can be seen 
hanging in its place. From it depends the light platinum catch-water. The 
calorimeter can be opened in a similar manner at the remote end, to facilitate 
removing the idle sphere and drying the walls. All is made of very light brass, but 
both the inner and outer drums are flanged by stiff L-pieces on the ends, which are 
ground true and smooth, so that the lids or covers (which are of thin brass, “ dished” 





963 


OF OASES AT. CONSTANT VOLUME. 

outwards to confer stiflness), with corresponding flanges, can tightly dose die inner 
and outer chambers. To make a joint impervious to the vapour in the space between 
the chambers it was found requisite to lay on a flat rubber ring with rubber cement 
and compress these between the flanges by five screw-damps placed equidietantly 
around each joint. In the case of the use of ether a lutant had to be used 
instead of the rubber. After many trials it was found that one made of whiten¬ 
ing and glycerine mixed to a stiff consistency gave the best results, glycerine 
being almost insoluble in ether. In the upper side of the inner drum, over each 
sphere, a wide opening closed by a light conical roof of brass is provided. One is 
partially seen in the illustration. This cone is prolonged by a tube about 1 cm. in 
diameter, which finally emerges through the top of the outer drum. Here it is ground 
to a smooth horizontal edge and fitted with the loose adjustable cone and self-adjust¬ 
ing disk, which permits the free passage upwards of the wire through a very fine 
opening, as described in the ‘ Proc. Roy. Soc.,’ loc. cit. The edges of the' wide 
openings in the roof of the inner drum are turned a little upwards all around ‘ 
into the cone, so that water drops, running down the latter, will not fall off 
upon the spheres, but be conducted, as by a gutter, to the lowest point of the 
intersection of the cone with the cylinder and then overflow harmlessly down the 
wall of the drum. 

Steam is admitted into the inner chamber by a wide central orifice 3‘5 cm. in 
diameter at the back of the drum, the steam-pipe being arranged as described in 
the ‘ Proc. Roy. Soc.,’ loc. cit., and concealed from view in the figure by the wooden 
stand which supports the instrument. The escape of the air replaced by the steam 
takes place through a central opening (17 cm. diameter) at the bottom of the 
drum, a tube leading it directly outside the calorimeter. When the air has been 
expelled and steam is seen to follow it, the opening is narrowed by insertion of a 
cork carrying a brass tube, shown in the figure, of about 8 mm. bore. This is 
bent and can be turned outwards, or to one side, to direct away from the balance 
the continuous outflow, necessary to preserve the slow circulation of steam in the calo¬ 
rimeter. A third central tubulure entering the inner chamber enables a thermometer 
to be inserted, as shown. 

The outer drum has four tubular openings: two below (one at each end) to 
permit an inflow of the vapour from the boiler attached beneath it, two above to 
convey the excess of vapour to the condenser which is seen standing behind the 
balance. This condenser is simply a tin plate cylinder, open at top with a central 
inner cylinder of thin copper also open at top, and seen rising a little above the level 
of the outer cylinder. Ice is placed in the annular space between during experiment. 
The leading tubes are of such width and so sloped that the returning current of 
condensed vapour will not choke the tubes, but flow freely back into the vapour 
jacket and boiler beneath. It is important that these conducting tubes should be of 
glass so that the heating of the boiler can be adjusted to produce the least current 

6 G 2 
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into the condenser. The oondenser was found to act so perfectly that when a loose , 
cork was placed closing the inner tube of copper, and there was no leak at the flanges 
of the calorimeter, the circulation of ether, acetone, or alcohol could be continued for 
hours with little attention and with so little loss of the material as to preserve the 
room almost free of odour. My arrangements did not attain to this state of 
perfection, however, till some costly experience had been acquired. As application 
of a burner directly beneath the boiler containing ether, acetone or alcohol, would 
have been attended with much risk, the arrangement was adopted of heating it by a 
current of steam derived from a small subsidiary steam boiler placed some 2 metres 
distant. This was found to be a very simple and manageable arrangement. The 
steam boiler had a small valve which could be set so that the steam could be let 
escape more or less directly into the air, a tube sloped upwards from the boiler to 
the vaporizer beneath the calorimeter, entering at the remote end of the heating 
tube (or “ furnace ”) in the figure. The near end was narrowed by a glass tube in a 
cork, bent downward. It was possible to regulate the supply of steam so that a bead 
of water in this tube remained pulsating for two or more hours without being com¬ 
pletely displaced, and once started, the whole system of circulating steam and vapour 
required but little attention. I had, however, many vexatious failures from leakage 
into the inner chamber, which for long I naturally attributed to bad flange joints, till 
ultimately I traced it to a small leak in the soldering of one of the central tubes. I 
may observe indeed, that the presence of a small quantity of vapour within, whether 
ether, acetone or alcohol, seemed to have little or no effect as a cause of error. As the 
result of iny entire experience, however, with this mode of heating, I think a water 
jacket and thermostatic arrangement would probably give less trouble and certainly 
entail less expense. It would in this case only be necessary to provide sufficiently 
large valves in the bottom of the outer drum to permit of the rapid removal of the 
water immediately before or after the admission of steam. 

The switch and electrical connection permitting of the heating of the orifices for 
the suspending wires during experiment, are seen in the figure as well as the 
platinum spirals (hardly distinguishable in the figure) and forceps holding them. 
The balance above is a short-beam (14 oms.) of Sartorius, and weighs accurately to 
milligramme when carrying the spheres. The mode of suspension of the spheres 
from the balance is as described in the ‘ Proc. Roy. Soc.,’ loc. cit. 

Four intervals of temperature were adopted for the experiments: air temperature 
to 100°; 35° (B.P. of ether) to 100°; 56° (B.P. of acetone) to 100°; and 78° (B.P. of 
alcohol) to 100°. The procedure was as follows in making the experiments. A 
certain weight of carbon dioxide being enclosed within the sphere, this is hung on 
the calorimeter; both outer and inner drums closed, and after some hours the air 
temperature in the calorimeter and the barometric pressure determined. The 
equilibration of the balance is now attended to and particulars noted down. Steam 
from the small boiler is then led into the steam ‘ furnace ’ of the evaporator, in which 
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ether, alcohol, ex acetone, us the case may be, is contained. In a few minutes the 
steam current takes tins to boiling. Ioe is placed in the condenser, and the boiling 
urged till the back-streaming of the condensed vapour is visible in the glass tubes 
leading to the condenser. The burner beneath the boiler and finally the discharge 
valve upon it are now adjusted, till the streaming in the tubes progresses at a slow 
rata At the expiration of 40 minutes or thereabouts, the thermometer in the inner 
chamber rises to a temperature but little below the B.P. of the liquid in use. The 
final stationary temperature is not attained, however, till one-and-a-half or two hours 
have elapsed, generally. The balance above is now set vibrating for ten or fifteen 
minutes and all is ready for admitting steam. At this stage the balance probably 
shows a slight want of equilibrium due to distension under the increased pressure of 
the active sphere and also, perhaps, to some leakage of vapour into the inner chamber. 
This loss of equilibrium is, however, not attended to, the reference-state of equili¬ 
brium being taken as the state at air temperature. 

Steam is got up in the large boiler feeding the calorimeter while the balance is' 
vibrating, and when the boiler has been vigorously steaming for some minutes the 
balance is brought to rest, the thermometer withdrawn from the calorimeter, and one 
for reading steam temperatures inserted iD its stead. The air-escape tubulure of the 
calorimeter being uncorked, the cork stopper closing the large steam entrance at the 
back is withdrawn, and the steam pipe rocked across into its place, so that steam pours 
rapidly into the calorimeter. The steam current almost immediately appears flowing 
out through the air-escape tubulure, and this current is now moderated by inserting the 
narrow leading tube. The steam supply to the .vaporizer is next to be cut off, and 
the switch moved to put on the current in the spirals. All these operations only take 
a few seconds, and are almost automatically performed, after some training, by the 
experimenter; so that some thirty seconds after steam is turned into the calorimeter he 
can already be observing the behaviour of the balance. Two minutes to two-and-a- 
halt* minutes will complete the heating of the vessels and gas, but the even swinging 
of the balance is observed till the completion of the fifth minute. Then all is to be 
again cooled as quickly as possible, for the pressure attained in some cases is so high 
and so sudden (possibly rising from 47 to 102 atmospheres in the space of a minute 
or less), that it is desirable to relieve the sphere of the excessive stress as soon as 
possible. The drying of the calorimeter should be effected while it is still hot. 

As may be imagined, it is difficult to effect more than one experiment in the course 
of a day, and thus the completion of many series of experiments demands much time 
and labour. But except a more expeditious method of altering the initial temperature 
k devised the delay seems unavoidable. 

It will be apparent that the weighings are two in number for each experiment. 
The first gives the equilibration of the vessels when in air at known temperature and 
pressure. The second when in steam at known temperature and pressure, and when 
a certain weight of steam has been precipitated upon each. These weighings are 



966 


DB. J. JODY ON THE SPECIFIC HEATS 

evidently unaffected by any buoyancy effect due to a small quantity of the jacketting 
vapour leaking in—as already indicated—and so facilitate calculations having reference 
to displacement errors. 

To correct for the unequal thermal capacities of the spheres over the several ranges, 
it was thought best to calculate the correction upon the basis of experiments over the 
widest range of temperature. Table I. contains the experiments upon the spheres 
between air temperature and steam temperature. 


Table I.—Correction for Unequal Thermal Capacity of Spheres. 


h- 


h — 

tv. 

11*89 

10016 

88-27 

00245 

11*61 

100-24 

88-63 

0 0243 

12*07 

100-18 

88-11 

00251 

1330 

99-88 

87-58 

00251 

Means. 

8815 

-002475 


The mean result is a deductive correction of 0'02475 over 88'15 degrees. To 
determine the propor deduction to be applied to other intervals of temperature it is 
necessary first to make a correction by deducting a constant effect due to unequal 
displacement, and thus arrive at the true calorific effect due to heating through 
88‘15 degrees. The external volume of the active sphere is 105"595 cub. centime., 
that of the idle sphere but 99 810 cub. centime, (see Part II., pp. 944 and 945), this 
gives a buoyancy correction of — 0'0035 grm.; leaving a calorific effect of 0*0212. 
Assuming Bede’s results for the specific heat of copper, we have the formula 
C = 0*0892 4- *000005 f, by which to calculate the deduction proper to other ranges 
of temperature. To this the displacement effect proper to each case must be added. 
The “ correction for spheres ” at base of each table is got in this manner. 

Begarding other corrections, the remarks made in Parts I. and II., and the system 
of tabulation adopted in Part II., are adhered to. The initial temperatures are, of 
course, the boiling-points of the liquids used in jacketting, and Pj is the pressure at 
that temperature, due to W grammes of gas. The pressure for the experiments of 
Tables II. to XVI. inclusive are obtained from a plotting of Amagat’s results against 
density. The mean ptessure, P, is obtained by adding one atmosphere to the value 
read directly from the curve, as explained in Part II. The pressures obtaining in 
the remaining experiments, Tables XVII. to XX., are obtained from Andrews’ 
results. 

The purity of the gas used was tested on a sample released from the sphere when 
reducing the mass under experiment. 66 cub. centime, were absorbed by caustic 
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potash, and a volume of Oi l cub. oentim. unabsorbed gas remained in the tube. 
The Impurity is therefore abdut one part in 550 by volume. The drying was effected 
by filing from the bottle through an iron drying tube containing fresh phosphorus 
pentoxide. The one sample of gas was used throughout the several series of experi¬ 
ments ; known weights being released at intervals. 

The thermometers were made by Messrs. Nkgretti and Z am bra, and corrected at 
Kew. They were four in number, to secure open scales: 0° to 20°, 20° to 50°, 50° to 70°, 
and 70° to 100°. In the following tables of sets of experiments it will be understood 
that the initial temperature of 78° is obtained by a jacket of the vapour of absolute 
ethyl alcohol boiling under atmospheric pressure; the temperature, 56° by acetone 
vapour, 35° by pure ether; the lowest initial temperature being air temperature. 
It will be noticed that the density given in the several tables varies to some extent 
even with the same value of W. This is due to the thermal-pressure corrections on 
the volume of the vessel varying with the range. 

The tables give, in addition to the initial and final temperatures, the range and 
the latent heat of steam at t 2 . The values in the column “ at ” are the gross effects 
produced upon the balance. The portion of this effect due to the inequalities of 
volume and thermal capacities of the vessels is given beneath, as well as the sum 
of all other corrections, needing notice, due to the dynamical or buoyant effects set up 
by the gas in the active sphere, m is the balance of at, or precipitation, due to the 
calorific capacity of the quantity, W, of gas, a,t constant volume, over the range 
obtaining. On this the mean specific heat over the range is calculated. 


Table II.—W — 17-6658. Mean Density = 0-1971. 
Mean Pressure = 97 Atmospheres. 


tv 

* 9 - 

A. 

h ““ 

W. 

7777 

99*55 

536*9 

21-78 

0*1554 

77-97 

99-82 

536*7 

2i*85 

0*1547 

77-77 

99*55 

536-9 

21-80 

0*1557 

77-84 

99*64 

536-8 

21-80 

01553 ■ 





* 





Other corrections ss — 0*00054. w ss 0*1459. 


Deduced specific heat = 

0-20337. 
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Table III.—W ■?» 17*6658. Mean density = 0*1978. 
Mean Pressure =85 Atmospheres. 


. .... 

h* 

h* 

X. 

h- h- 


38-76 

99-45 

536-9 

65-69 

0-4801 

33-95 

99-56 

536*9 

65*61 

0-4789 

34-35 

99-68 

536*8 

65-33 

0-4759 

34*02 

99-56 

536-9 

65*54 

0-4783 


Correction for spheres as — 0*0180. 

Other corrections a* — 0*0013. w = 0*4592. 


Deduced specific heat as 0*21294. 


Table TV.—W = 17*6658. Mean Density = 0*1974. 
Mean Pressure =79 Atmospheres. 



t 2 . 

X. 

h — f \- 

UK 

1335 

99-47 

536-9 

8612 

0-8733 

1340 

99*45 

536*9 

86-05 

0-8796 

12*53 

99 87 

536*7 

87-34 

0*9061 

12*94 

99*72 

536-8 

86-78 

0-8895 

12*52 

99*39 

537-0 

86-87 

0-9008 

12*03 

99*95 

536-6 

87-92 

09224 

12-79 

99-64 

536-8 

86-85 

1 


Correction for spheres = — 0*0244. 

Other corrections ra — 0*00124. w as 0*8701. 


Deduced specific heat * 0*30442. 
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Tabus Y.—W s a 16-1147. Mean Density = 0-1802. 
Mean Pressure = 75 Atmospheres. 


h■ 

h- 

X. 

i 

U>, 

1266 

100-14 

536-5 

87-48 

0-7589 

13-30 

10005 

536*5 

86*75 

0-7306 

12-95 

10016 

536*5 

87-21 

0-7416 

13-30 

100*04 

536*5 

86-74 

0-7307 

13-37 

99*88 

536*6 

86*51 

0-7298 

1312 

100*05 

536*5 

86-94 

0-7383 


Correction for spheres sa — 0 02447. 

Other corrections as — 0 00134. w as 0*7129. 


Deduced specific heat = 0‘27299. 


Table VI.—W = 16*1147. Mean Density = 0*1800. 
■ Mean Pressure = 91 Atmospheres. 


h- 

*2* 

X. 

*2 — *1- 

ft*. 

77-96 

9975 

536*7 

2179 

01413 

77-67 

99*40 

537*0 

21-73 

0*1415 

77-97 

99*77 

5367 

21*80 

01414 

77-87 

99*64 

536*8 

21-77 

0*1414 


Correction for spheres = — 0*0088. 



Other corrections = — 0*00055. w = 0*1321. 


Deduced specific heat = 

0-20212. 



G H 


969 


MDCCCXCIV,—A. 



970 


DR. J. JOLT ON TOTS SPECIFIC HEATS 


Table VII.—W s= 16*1147. Mean Density = 0*1800. 
Mean Pressure = 86 Atmospheres. 


*1- 

fa* 

X. 

f* V 

It). 

5806 

100 04 

536-5 

43-98 

0-2820 

55-93 

99-77 

586-7 

43-84 

0-2830 

5611 

99-97 

536-6 

43-86 

0-2865 

56-43 

100-25 

536-4 

43-82 

0-2857 

5613 

10001 

536-6 

43-88 

0-2843 


Correction for spheres = — 0 0144 
Other corrections as — 0*00107. m as 0*2689. 


Deduced specific heat = 0 20405. 


Table VIII. — W = 16*1147. Mean Density = 01801. 
Mean Pressure = 80*5 Atmospheres 


h- 

*r 

\. 

t a -t v 

to*. 

34*96 

10001 

536*5 

65*05 

0-4187 

34-76 

99-64 

536-8 

64-88 

0-4230 

35-07 

99-86 

536*6 

64-79 

0-4235 

3519 

99-95 

536*5 

64-76 

0-4205 

35-65 

100-06 

536*5 

64-41 

0-4212 

3513 

99-90 

i 

536-6 

1 

64-78 

0-4214 


Correction for spheres = — 0*0191, 

Other corrections = — 0*0015. w = 0 4008. 


Deduced specific beat = 0*20602. 
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Table IX.— W as 11*0416. Mean Density = 9*1240. 
Mean Pressure as 68*5 Atmospheres. 


h- 

V 

X. 


W. 

78-26 

100-20 

536-4 

21-94 

00953 

78-32 

10012 

536-4 

21-80 

0 0953 

77-96 

99-77 

536-7 

21-81 

00954 

78-18 

10003 

536-5 

21-85 

00953 


Correction for spheres = — 0 00870. 

Other corrections = — 0 00141. w = 0 0861. 


Deduced specific heat = O'19146. 


Table X.—W = 11-0416. Mean Density = 0*1240. 
Mean Pressure =65 Atmospheres. 



^2* 

X. 


W. 

56-48 

100-15 

536-4 

43-67 

01846 

56*56 

100*16 

536-4 

43*60 

0-1849 

56-59 

100*20 

536-4 

43*61 

0*1891 

56-53 

100*06 

536-5 

43*53 

0*1852 

56-29 

10000 

5365 

43-71 

0T857 

56-49 

100*11 

536-4 

4362 

01859 

Correction for spheres =s — 0*0142. 

Other corrections =» — 0 00055. w 01713. 


Deduced specific heat = 

0-19080. 



6 h 2 
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Table XI.—W * 110416. Mean Density ss 0*1241. 
Mean Pressure =61 Atmospheres. 


*1* 

<*. 

X. 

h t h- 

UJ. 

34-27 

99*93 

536-5 

65-66 

0-2790 

34-78 

99-99 

536*5 

65-21 

0-2813 

35-42 

100-25 

536-3 

64-83 

0-2775 

35-58 

99-86 

536-6 

64-28 

0-2786 

3512 

100-05 

! : 

! 536-5 

64-93 

0-2785 

35 05 

100-02 j 

636-5 

64-98 

0-2790 


Correction for spheres = — 0 01910. 

Other corrections = — 0*00070. m =■ 0*2591. 


Deduced specific heat sx 0*19374. 


Table XII.— W = 11*0416. Mean Density = 0‘1242. 
Mean Pressure = 57*5 Atmospheres. 


ty 

h- 

X. 

h h' 

tv. 

6-87 

100-25 

536*3 

93-38 

0*4312 

5*93 

100*32 

536*3 

94-39 

0-4561 

6*33 

100-08 

536-5 

93-75 

0-4435 

651 

99*73 

536-7 

93-22 

0*4356 

6*31 

99-88 

536*6 

93*57 

0*4434 

6*39 

10005 

536-5 

93-66 

0 4420 

Correction for* spheres = — 0*02607. 


Other corrections = — 0*00086, m = 0*4150. 


Deduced specific heat = 

0-21530. 
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Table XIII.—W s> 7*0537.. Mean Density = 0'0800. 
Mean Pressure = 41*5 Atmospheres. 


h* 

h- 

X. 

*2 “** *1* 

Of, 

6*89 

10026 

536-3 

98-37 

0*2506 

7-91 

10052 

536-2 

92-62 

0-2513 

7-92 

100-41 

536-2 

92*49 

0-2505 

8-70 

100-27 

536-3 

91*57 

0-2491 

8-75 

99-95 

536-5 

91*20 

0-2476 

8*03 

100-28 

536-5 

92-25 

0-2498 


Correction for spheres = — 0*02657. 

Other corrections * — 0 00068. w = 0*2235. 


Deduced specific heat =: 0*18427. 


Table XIV.— W = 7*0537. Mean Density = 0*0799. 
Mean Pressure == 44*5 Atmospheres. 


h- 

h- 

X. 

t a - t v 

Of. 

35-62 

100*37 

5363 

64*75 

0-1757 

3611 

10022 

536-4 

6411 

0-1748 

36*05 

100*10 

536-4 

6405 

01749 

35*01 

300*40 1 

1 ! 

536-2 

65-39 

0-1765 

35*70 

100-27 

1 

536*3 

64*57 

0-1755 


Correction for spheres = — 0 01910. 

Other corrections = — 0*00047. m = 0*1559. 


Deduced specific heat = 0*18357. 
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Table XV.—W = 7*0537. Mean Density ns 0*0799. 
Mean Pressure — 46 Atmospheres. 


h- 

V 


h H • 

W . 

56-84 

10024 

530*3 

43-90 

01198 

56-78 

100*45 

586*2 

48-67 

0*1200 

56-88 

10089 

586-2 

43-51 

0-1174 

57-05 

100-58 

5361 

48-53 

0-1185 

56-89 

100-41 

536-2 

43-62 

01170 

56-79 

100-41 

536-2 

43-62 

01185 

I 


Correction for spheres = — 0 01480, 

Other corrections as — 0*00040. ts = 0*1038. 


Deduced specific heat = 018120. 


Table XVI. — W = 7*0537. Mean Density = 0*0799. 
Mean Presure = 48 Atmospheres. 



h- 

X. 

h ~ h* 

U\ 

7806 

78-04 

78-25 

78-22 

100*25 

10001 

100-12 

99-97 

536-3 

536-5 

536-4 

536-5 

2219 

21-97 

21-87 

21-75 

00630 

00628 

0-0627 

00626 

7814 

10009 

536-4 

21-94 

00628 

Correction for spheres = — 0*00880. 

Other corrections = — 0*00021. w = 0*0538. 

Deduced specific heat = 0*18635. 
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Table XVII.—W =s 3*9510. Mean Density = 0*0457. 
Mean Pressure as 25*7 Atmospheres. 


hr 


X. 

h-h- 

W, 

11*50 

99-55 

536-8 

88 05 

0-1404 

10-98 

99-82 

536-6 

88-84 

0-1413 

11-58 

99-85 

. 

536*6 

88-27 

0-1406 

11-35 

99-74 

1 *\ 

536-7 

88-39 

0-1406 


Correction for spheres = — 0*02487. 



Other corrections = — 0*00033. w = 0*1154. 

Dednced specific heat cs 0*17735. 


Table XVIII.—W = 3*9510. Mean Density = 0*0456. 
Mean Pressure = 28 Atmospheres. 


*1* 

h- 

X. 

h~h- 

to. 

56-21 

90*85 

536*6 

43*64 

0*0706 

56*56 

100*05 

536*5 

43*49 

00692 

56-73 

100-19 

536*4 

43*46 

00713 

56-85 

100*27 

536-3 

43*42 

00711 

* 56-84 

100*25 

| 536-3 

43*41 

0 0706 

56-88 

100*11 

536-4 

1 

43*23 

0-0718 

56-68 

10012 

536-4 

43*44 

! 

0-0708 


Correction for spheres = — 0*01420. 

Other corrections = — 0*00024, w =s 0 0564. 


Deduced specific heat as 0*17628. 
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Table XIX.V-W m 8*9510. Maan Density ss 0*0450. 
Mean Pregsure== 26*8 Atmospheres. 


h' 

t r 

X. 

h~h- 

, 

W, 

34-66 

10015 

536-4 

65-49 

0-1031 

34 - 5 $ 

99 55 

536-8 

6500 

0-1027 

85-69 

99-96 

536-5 

64-27 

0-1036 

35-35 

99-72 

536-7 

64-87 

01088 

... rT i 

35-06 

99*84 

i— .... 

536-6 

64-78 

01080 


Correction for spheres » — 0*01900. 

Other corrections as — 0*00033. w at 0*0837. 


Deduced specific heat ss 0*17548. 



Table XX. — W = 3*9510. Mean Density = 0*0456. 
Mean Pressure =s 29 atmospheres. 



<«• 

X, 


US. 

77-85 

99-54 

536-8 

21-69 

0-0394 

77-67 

99-40 

536*9 

21-73 

00395 

78-46 

100-40 

536*2 

21*94 

00380 

78-46 

100-41 

536*2 

21*95 

0-0391 

78-26 

100-25 

536*3 

21*99 

00387 

7814 

100-00 

536-5 j 

21-86 

0-0889 


Correction for spheres = — 0*00899. 

Other corrections as — 0*00012. v =a 0*02981. 


Deduced specific heat = 0*18516. 


The foregoing experiments are summarized in the next table. Those experiments 
in which liquid carbon dioxide was present at the initial temperature have the 
numerical value of the specific heat printed in black. 
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;» Tabus XXL—Summary of Experiments. 


Table. 

w. 

<i- 

h- 

m. 

/*• 

Sp. beat. 

Mean P. 

II. 

17-6658 

77-84 

99-64 

0-1459 

01973 

0-2034 

970 

III. 

17-6658 


99-56 

0-4592 

0*1973 

0-2129 

86-0 

IT. 

17-6658 

12-79 

99-64 

0-8701 

0*1973 

0-3644 

790 

V. 

161147 

13*12 


07129 

01800 

0-2730 

75-0 

VI. 

16-1147 

77-87 

99'64 

0*1321 

0-1800 

0-2021 

91*0 

VII 

16-1147 

5613 

100-01 

0-2689 

0-1800 

0-2040 

86-0 

VIII. 

161147 

3517 

99-90 

0-4008 

01800 

0-2060 

80-5 

IX. 

110416 

78-18 

100-03 

0 0861 

01240 

0T915 

68-5 

X. 

11-0416 

56-49 

100-11 

01713 

0-1240 • 

0-1908 

650 

XI. 

11-0416 

3505 

100-02 

0-2591 

01240 

01937 

620 

XII. 

11-0416 

6-39 

10005 

0-4150 

01240 

0-2153 

67-5 

XIII. 

7-0587 

803 

100-28 

0-2235 

00800 

01843 

41-5 

XIV. 

7-0537 

35-70 

100*27 

01559 

00800 

0-1836 

44-5 

XV. 

7-0587 

56-79 

100-41 

0-1038 

0-0800 

01812 

46-5 

XVI. 

7 0537 

78-14 

10009 

00538 

0*0800 

07863 

48-0 

XVII. 

3-9510 

11-35 

99-74 

0-1154 

00456 

0-1773 

257 

XVIII. 

3-9510 

56-68 

10012 

00564 

0-0456 

01763 

280 

XIX. 

3-9510 

3506 

99-84 

00837 

0-0456 

0-1755 

26-8 

XX. 

3-9510 

78-14 

100-00 

-0 02981 

0-0456 

0-1851 

29-0 


Table XXIL—Calculation of Corrections. 


Table. 

Yt v 

Pi- 

v (l ,,. 

P s . 


a. 

Corr.I. 

€orr. II. 

Corr.VII. 







0-0 

-0*00 

-o-ooo 

+0000 

ii. 

90-242 

900 

90-408 

1020 

90*434 

072 

043 

15 

09 

in. 

90067 

650 

90185 

1020 

90-259 

096 

112 

20 

27 

IV. 

89-982 

47-2 

90069 

102-0 

90174 

137 

109 

20 

52 

V. 

89-984 

47-5 

90073 

95-4 

90*162 

116 

123 

15 

42 

VI. 

90*242 

84-5 

90-400 

95*4 

90-420 

059 

040 

15 

07 

VII. 

90156 

740 

90-292 

95-4 

90*434 

070 

077 

30 

16 

VIII. 

90071 

630 

90786 

95-4 

90*249 

084 

105 

20 

24 

IX. 

90-243 

640 

90-361 

710 

90-373 

046 

030 

Negligible 

05 

X. 

90T58 

57-5 

90-263 

71-0 

90-288 

054 

056 

V \ 

10 

XI. 

90071 

51*0 

90163 

710 

90-201 

063 ; 

080 

»» 

12 

XII. 

89-957 

40-5 

90031 

71-0 

90-087 

080 

106 

10 

24 

XIII. 

89-963 

31-5 

90026 

490 

90 093 

047 

078 

10 

13 

XIV. 

90073 

36-5 

90142 

49-0 

90163 

047 

057 

Negligible 

09 

XV. 

90159 

41-0 

90-231 

490 

90-249 

045 

040 

» 

06 

XVI. 

90-243 

450 

90-317 

49-0 

90333 

046 

021 

»> 

03 

XVII. 

89-976 

20-4 

90 013 

290 

90-028 

048 

043 

» i 

06 

XVIII. 

90159 

24-8 

90-204 

29-0 

90-211 

039 

024 

» 

03 

XIX. 

90-071 

227 

90-112 

290 

90723 

043 

033 


05 

XX. 

90159 

26-9 

90-207 

29-0 

90-211 

036 

012 

ji 

02 ' 


Hie foregoing experiments are graphically shown in the diagram at the end of this 
paper. Tim five lines eloping to the right are aqui-density lines, t.e., lines each of 
which represents the heat capacity of the gas at one special density. For although 

J^Q0CXOIV.--A. 6 i 
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the thermal expansion of the spheres, as indicated, introduced slight differences of 
density into observations over variable ranges of temperature, this effect is so small, 
as may be seen by referring to the tabular statement of experiments, that experiments 
upon the one mass of gas may be considered, without introducing sensible error, as 
being experiments also upon gas of the one constant density. Each of these lines 
is determined by measuring the initial temperature; above 0°, of experiment hori¬ 
zontally ; the condensation in grammes of water (w)—after all corrections—vertically. 
The temperatures are numbered from the origin 0° to 100°. At 100°, as initial tempe¬ 
rature, there could be no condensation, hence all the lines must pass through this 
point. As the condensations are set off vertically at the initial temperature, t lt of 
each series of experiments, the slope of the line joining this point to the point 100° 
on the axis of temperature affords the mean specific heat over the range to 100°, 
Hence joining all the points so fixed gives a graphic representation of the behaviour 
of the gas at the particular density to which the experiments apply when the lower 
limit of temperature is varying. The dotted lines upon the diagram to Part II. 
give these same experiments, for the most part, but plotted as specific beats against 
absolute density. 

Looking at the lowest couple of lines, p — 0*0456 and p — 0'0800, we see observa¬ 
tions connected by a straight line—laid down in fact through the experiments by aid 
of a straight-edge, and it follows from this—the slope of the line being uniform 
throughout—that at these densities the variations of specific heat, as the range is 
varied from about 10°-100°, 35°-100°, 56°-100°, and 78°-100°, is so small as to have 
escaped experimental detection or be non-existent. For although the lower of the two 
densities lies at the limit to which observations could be carried with the arrange¬ 
ments used, and are therefore unsteady in some degree, the higher density allowed 
of considerable accuracy in the observations, and the uniformity of the line obtained 
for it, taken in conjunction with the teaching of the lines referring to higher 
densities—which show a curvature increasing with the density—appears to render it 
a safe conclusion that at densities below 0‘08 the variation of the specific heat with 
temperature, over the limits 10° to 100°, is very small. Not probably non-existent, 
however, as there is no reason to suppose any discontinuity in the physical properties 
of the gas, as its density increases to that of the third line, 0*1240. 

This line, 0*1240, shows that throughout the specific heat is very slightly variable. 
The sharp upward curvature at the colder end is due, however, to the presence of a 
small quantity of the liquid carbon dioxide not evaporated till a temperature of 8° C. 
was reached, whereas the mean initial temperature was 6°*39 (Table XII.). The 
upper lines more strongly repeat this behaviour. When, also, the actual specific heats 
are plotted against density, as in the diagram to Part II., it is seen that the dotted 
line carrying the experiments over the range 85°-100° lies at the higher densities 
well below that for the ordinary range, 12°-100°, and to possess an upward curvature 
with increasing density. Again, the line for experiments between 57° and 100° lies 
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•tiH lower; the Hoe fer 78° to 100° being lowest. At low densities all these lines 
tend to converge, as if the specific heat was then unaffected by the difference of 
range. 

As liquid is present at p m 0*124 from 6° to 8° C., it is to be concluded that in the 
neighbourhood of these temperatures most of the fall between 6°*S9 and 35° is 
accomplished. We can refer to Part IL for a point about 16° C. The full curve 
of the diagram, Part II., gives the specific heat at this density, and knowing the weight 
(11*0416 gyms.) affording this density we calculate m and so get the point marked 
jit. This is a very reliable point, and as will be seen it carries back with uniformity 
the course of the line at the upper temperatures. 

The Hne for p = 0*124 is given by the following equation :— 

w = a (100 - t) + 6 (100 - tf + c (100 - tf, 
where a = 0 003915; b = - 0*00000139 ; c = 0*0000000375. 


If these numbers are multiplied by the latent heat of steam and divided by W, 
t.c. by 536*5/11*042 = 48*56, we get, by differentiating with respect to t, an equation 
for the specific heat in terms of temperature at the density 0*124 :— 


C, = a + 2b (100 - t) + 3c (100 - tf. 

where 

a = 0*19020000, 

b = - 0*00006750, 
c = 0*00000182. 


This, of course, is plotted, virtually, by the inclination of the curve upon the plate, 
the ordinates all being supposed as lengthened in the ratio 1 to 48*56. 

The line above this, p = 0*1800, shows a rapid upward curvature below 35°; liquid 
in fact was present up to 18°*5. Nothing being accurately known as to the specific 
heat of the saturated vapour, we cannot safely assume anything as to the course of 
events between the 13° and 35° points. A theoretical point obtained from the curve 
of Part II., at the initial temperature 15°, lies on the prolongation of the experiments 
at the upper temperature. It is not, however, marked upon the dotted line, as it 
cannot be relied upon, exoept it be shown that the variation with temperature of tbs 
spe cific heat of the saturated vapour is at the same rate as that of the superheated 
vapour. 

The fallowing equation, of similar form to the last, gives the inclination of this line 
with fair accuracy:— 

C, as 0*2056 — 2 X 0*0000819 (100 — t) + 3 X 0*00000183 (100 — tf. 

The specific heat is directly given by this for the density 0*180. 

6 I 2 
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With regard to previous theoretical considerations, in reference to the temperature 
variation of the specific heat of a gas, it has been shown that where a gas departs 
from Boyle’s Law in the direction in which carbon dioxide does, there is reason to 
expect a diminishing specific heat with rise of temperature, This is based upon a 
thermodynamic equation due to Rankine.* 

Integrating the last and variable term in terms of the equation for an imperfect 
gas, 

PV = RT - a/TV, 

the value of K* becomes 

K, = C + 2a/T*V, 

a being a constant. It follows that the specific heat at constant volume diminishes 
with rise of temperature till it attains to the limit C, which is designated by 
Clausius the true or real specific heat. From the second term, expressing the 
variable part, it is easy to calculate that at a density 0*124 the value of the variable 
term has the value 0*0281 at 50° C., and 0*0228 at 90° C. in thermal units, a fall 
of 0*0058 thermal unit. Referring to the equation expressing the value of C, in 
terms of temperature derived from the experiments upon gas at this density, we find 
C„ at 50° = 0*1971 and at 90° = 0*1894, or the fall has been 0*0077 thermal unit. 
The agreement is only approximate. However, the thermodynamic equation and the 
experiments agree in showing that the variation of specific heat with temperature at 
low densities is inappreciable; thus the variable term at the density 0*00188 is almost 
inappreciable in value, and its changes, of course still more so. At 0° C. it has the 
value 0*0007, at 50° C. the value 0*0004, and at 90° C. 0*0003. 

Again, if we evaluate the variable term in the case of the density being 0*0800— 
the second equi-density line on the plate—it is found that the sensibly rectilinear 
plotting of the experiments is in agreement with theory. The fall in the specific heat 
between about 10° and 100° C. calculates, in fact, to be 0*00103. This is a far wider 
range than the range of mean temperatures in the experiments. The experiments did 
not cover more than half this range, and must have been competent to show a varia¬ 
tion of one part in 2000 upon values of or lying between 0*223 and 0*054 grammes. 
This was hardly to have been expected. And this applies more forcibly to the lowest 
line, the density 0*0456. 

Ou endeavouring to apply the thermodynamic equation to the line p s= 0*180, it 
appeared that it was less agreeable with the experiments. The reason of this is 
probably to be found in the inapplicability of the formula to serve as the equation of 
the gas at high pressures. It is, in fact, based upon Reonault’s observations. Nor 

* 1 Thermodynamics,’ De Vomok Wood, p, 118 
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th© mow recent on© of Clausius* afford an agreement with th© results of ©xperi* 
niont# M. Sanak (‘ Comptes Rendus/ voL 94, 1882)+ has shown that Clausius* 
ferm of th© characteristic equation possesses but a limited applicability to carbon 
dioxide when tested with Amagat's results. It is easy to test this point by calcu¬ 
li* 1 *!? for th© pressure at the density 0*1800 at some chosen temperature, and com- 
paring with Amagat’s results. A deficiency in the value of the pressure given by 
the formula to the extent of some 12 per cent, is obtained* The close agreement 
between this line, p = 0*1800, and the neighbouring one, p — 0*1973, is, I think, 
strongly confirmatory of the accuracy of both* Indeed, the quantities of precipitated 
steam then dealt/ with are so large that I do not see how serious error could have 
arisen. I therefore venture to think that they truly represent the variation of the 
specific heat with temperature at these densities. 

* ‘Phil Mag./ June, 1880. 
t See c The Theory of Heat/ T. Pbbbton, p, 422. 
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I. Reference to Earlier Work. 

Method of Eliminating Impurities. 

In the Bakerian Lecture for 1873* I gave an account of my early researches on the 
spectrum of iron, which had been commenced in 1870, and suggested a possible 
method of spectroscopically eliminating impurities. I then hazarded the statement 
that “ in cases of coincidences found between the lines of various spectra, the line 
may be &irly assumed to belong to that one in which it is longest and brigheet.” 
•The method was illustrated by three plates, one of which showed the long and short 

* «Phil. Trane.,’ vol. 164, p, 479. 
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lines of iron near F; another the spectra of manganese, nickel, Lenarto meteorite, 
and iron from about G to H; whilst the third was a comparison of the spectra of 
calcium and berium with the solar spectrum. 

The subject was subsequently referred to in communications to the Royal Society,* * * § in 
1874; and with regard to the method of treatment for the elimination of lines due to 
impurities, I remarked: “The spectrum of the element is first confronted with the 
spectra of substances most likely to be present as impurities, and with those of metals, 
which, according to ThalEn’s measurements, oontain in their spectra coincident lines. 
Lines due to impurities, if any are thus traced, are marked for omission from the 
map and their true sources recorded, while any line that is observed to vary in length 
and thickness in the various photographs is at once suspected to be an impurity line, 
and, if traced to such, is likewise marked for omission.” This work was very 
laborious, and I appealed “ to some other man of science, if not in England, then in 
some other country, to come forward to aid in the work, which it is improbable that 
I, with my small observational means and limited time, can carry to a termination.” 

ThaiAn’s Eye Observations. v 

<P' 

In 1884, ThaiAn published a most important paper on the spectrum of,i£o& winch 
surpassed in completeness everything before it.t 

He gives a list of 1,200 lines in the arc spectrum of iron which he had observed to 
be coincident with dark lines in the solar spectrum. His observations were made 
between the wave-lengths 39967 and 7591‘3, that is, from near the Fraunhofer line 
H to A. Between X39967 and X5159*6, Thalen determined the wave-lengths of the 
iron lines by comparison with lines in Vogel’s map of the solar spectrum.} From 
X5160 to X5400 the wave-lengths given in Fievez’s map,§ as well as those due to 
Vogel, were utilised. The positions of lines between X5400 and X6379 were 
determined with reference to Fievez’s lines and tbe lines in Angstrom’s spectrum. || 
From X6S79 to tbe Fraunhofer line A, the positions were determined by micrometer 
measures, and a comparison was made with the iron lines mapped by Angstrom in 
this region. 

A Gramme machine, making 900 revolutions a minute, was used by Thal&N to 
produce the electric arc. Rods of iron, 9 millims. in diameter, were first arranged as 
poles, but owing to the long time it was necessary to run the current in order to 
make the observations, the poles got melted. One carbon and one iron pole were 
then tried, and by taking observations with a long arc, it was found possible to get 

* ‘ Roy. Soc. Proc.,’ vol. 23, p. 152; * Phil. Trans.,’ vol. 164, p. 805. 

t ‘ Sooidte Royale dee Sciences d’Upeal,’ September 26,1884. 

1 * Poblitoatioxten des Astrophys. Observatorium m Potsdam,’ 1879, He. 3. * 

§ * Annales de l’Observatoire Royal de Bruxelles,’ 1883, vol. 4. 

|| * Spectre Normal du Soleil, TJpeala,’ 1808. 
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wd of fflutf of the hoes due to impurities in the oarbon. Obsttvations were also 
made with iron poles 15 miUims. in diameter, but although these did not melt so 
wadHjr. the results obtained were not deemed satisfactory. Finally iron was 
TOktUisedoa carbon poles. Thal4n used the best Swedish, iron in his investigation, 
hut found that impurities were always present in it, and also in his carbon poles; for 
the spectrum of the arc always exhibited lines which were known to be due to 
calcium, manganese, barium, titanium, lithium, sodium, and other substances. In 
order to distinguish between lines due to foreign substances and those really due to 
iron, the spectra of suspected impurities were separately examined. Lines common 
to all or any of the elements observed and to the spectrum of iron on carbon poles, 
were assigned to the one in whose spectrum they were most intense. The origin of 
many of the foreign lines was known from the work of previous investigations, and 
it was therefore often only necessary to make exact determinations of wave-length to 
decide whether such lines did or did not coincide with lines attributed to iron. 

As to the success of this method of eliminating impurities Thal^n remarks:— 
“ Malgre tous les soins que j'ai pris, il est pourtant bien probable que quelques unes 
des raies attributes au fer doivent ttre rejettes de ma liste cotnme appartenant k des 
corps (Strangers. Ntanmoins, aprfcs avoir examint en somme cinq fois le spectre du 
fer, je suis portt k croire que je peux tnoncer comme rtsultat de ma recherche 
prtctdente que le nombre des raies du fer obtenu dans le spectre visible monte rtelle- 
ment au moins k 1200, et que ces raies coincident toutes avec des raies sombres du 
spectre solaire. Je ne doute pas qu’on ne puisse encore. augmenter beaucoup ce 
nombre, au fur et k mesure qu’on augments l’intensitt dq courant, c’est k dire en se 
servant de machines dynamo-tlectriques plus puissantes que la mienna” 


II. The Present Work. 

Necessity of the Research . 

Observations of the variations undergone by the spectrum of a single element 
subjected to changes of temperature, led me to make an investigation of the spectra 
of different strata of the sun’s atmosphere. The considerations which made me hope 
for help in this quarter were stated as follows:—“ Whatever be the chemical nature 
of this atmosphere, it will certainly be hotter at the bottom—that is, near the photo¬ 
sphere—than higher up. Hence, if temperature plays any part in moulding the 
conditions by which changes in the resulting spectrum are brought about, the 
spectrum of the atmosphere close to the photosphere will be different from that of any 
higher region, and; therefore, from the general spectrum of the sun, which practically 
gives us the summation of all the absorptions of all the regions from the top of the 
atmosphere to the bottom. 

“ Now, as a matter of fact, we have the opportunity, when we observe the spectrum 
iHKXJcxcrv.— a. 6 k 
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of a film spot or a prominent*, of determining the spectrum of a 
mass of vapours in the hottest region open to ow inquiries, and< 
like oar unlike the general spectrum of the sun. What then are the fecte ? * . . ; 
I’he whole character of $he spectrum of iron, for instance, is changed when we pass 
from the iron lines seen among the Fraunhofer lines to those seen among the spot and 
prominence lines; a complex spectrum is turned into a simple one, the feeble lines 
are exalted, the stronger ones suppressed almost altogether.”* 

One of the best examples of the changes of intensity of the iron spectrum brought 
about by changes of temperature is afforded by the group of throe lines at wave* 
lengths 4918, 4919*8, and 4923*2 (Angstrom’s scale). In the solar spectrum, 4919*8 
is thickest, in the oxyhydrogen flame none of them is visible, in the electric spark 
with jart, 40282 is thickest , while it is almost invisible in the electric arc; under no 
conditions are all intensified at once, each one seems ^intensified at the expense of the 
other. Observations made at Kensington, of the most widened lines in the spectra 
of spots, show that the lines at wave-lengths 4918 and 4919*8, which are seen almost 
alone in some photographs of the arc spectrum, are seen alone in the spots, or, at all 
events, in 73 spots out of 100, and the other line which is enormously expanded when 
we use the highest temperature, is seen alone in 52 out of 100 prominences by 
Tacchini. “Then, we finally learn, that in several cases when a Change of 
refrangibility has been observed in the iron lines in the spots visible on the sun, that 
the two lines 4918 and 4919*8 have been affected, while 4923*2 has remained at 
rest.” | These variations are, I hold, therefore, the result of temperature changes. 
Messrs. Liveing and Dbwab, however, deny that the line of the triplet seen in the 
prominences, and most brilliant at the highest temperature available in our labora¬ 
tories, is due to iron, although it has been.recorded as an iron line, as shown by 
Watts, Kirchhoff, Huggins, Thal£n, Lecoq de Boisbaudran, and myself. Its 
quality as an iron line, therefore, is as established as that of any other lines seen in 
the spectrum. Quod ubique quod ab omnibus. In their words, “ The line at wave¬ 
length 4923, which occurs so often in the chromosphere, according to Young and 
Tacchini, and is assumed to be due to iron, is so near to lines which come out in our 
crucibles on the introduction of other metals, that we cannot help feeling some doubt 
as to its absolute identification with the iron line.”§ 

Further, a knowledge of the true spectrum of iron is of the utmost importance for 
the solar and stellar work which is in progress at Kensington. Observations of the 
lines which are most widened in the spectra of sun spots have been made since 1879, 

# e Chemistry of the Sun/ p, 253. 

f The quantity spark employed by Mr. McClean to obtain the photography which are referred to 
later, approaches almost the conditions of the electric arc. The changes here mentioned, however, 
depend upon experiments with a high temperature jar spark. 

$ Ibid., p. 351. 

k ‘ Soy. Soc. Proa/ vol. 33, p. 432,1882. 
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•ml the p rahnno aiy ledwtois indicate that, at the period of minimum son spots 
widened lines ace due to iron, while at maximum, the lines are 
chiefly of unknown origin. A table of iron lines is therefore essential in an. inquiry 
of this nature. The series of photographs of stellar spectra, which have been taken 
at Kensington, include some stars which resemble the sun, some which differ slightly 
fkom it, and others which differ greatly. A comparison of these in terms of iron is 
very important, and is a natural first step in their study when we have a terrestrial 
iron spectrum about which there is no doubt. 

The necessity therefore got stronger and stronger to get the true spectrum of 
iron. At this juncture in 1887, in a conversation with my colleague,' Professor W. C. 
Roberts-Austen , he informed me that he was preparing some iron of exceptional 
punty by electrolytic deposition, and that there was a certain quantity of this 
available for research purposes, which he placed at my disposal. 

I at once determined to obtain photographs of the spectrum of this material, 
using it for both the poles of an electric arc, so that all carbon pole impurities might 
be avoided. 

This paper is the result. Owing to the small quantity of iron available, the 
exposures were necessarily short, so that in some parts of the spectrum the number 
of lines is not so complete as is desirable. 

Thalj&n’s memoir is practically complete, so far as the visible arc spectrum of iron 
is concerned. The photographic arc spectrum of iron over the same region has not, 
however, hitherto received such minute attention. I have therefore taken up the 
subject by photographically comparing the spectrum of iron with the solar spectrum 
between about K and A, using the electrolytic iron previously referred to. The 
main advantage gained by photographic comparisons of this character is that a 
permanent record of the positions of lines relatively to Fraunhofer lines is obtained, 
which can be referred to at any time, and that the coincidence or non-coincidence of 
iron lines with sblar lines can be easily and exactly determined at leisure by a 
microscopical examination of the" negatives. 

Method Em/ployed. 

Portions of the electrolytic iron were arranged to form the poles of an electric arc 
lamp placed about four feet from the slit of a Steinheil spectroscope, having three 
prisms of 45°, and one of 60°; an image of the arc being formed upon the slit by a 
suitable lens. The current employed was from a “ Victoria ” brush dynamo, driven 
by an “ Otto ” gas engine, and making about 850 revolutions per minute. 

The region between K and A has been photographed on four plates. The first 
plate takes in the spectrum from about X3900 to X4220, the next from about X4220 to 
X4700, a third extends from X4700 to X5900, and a fourth from X5900 to X76O0. 
The steps are approximately from K to G, G to F, F to D, and D to A of the solar 
spectrum. 


6 K 2 
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For the region between K and F ordinary Mawson and Swan “Castle” {date* 
were need. But for the parte of the spectrum less refrangible than F specially 
prepared plates had to be employed. Plates dyed with the following solution were 
found to give the best results between F and D:— 

Erythrosin (1:1000) . . . . = 1 oz. 

Alcohol.. . . . *1 „ 

Distilled water ..as 8 ,» 

Ammonia (10 per cent, solution) as 1 „ 


“Castle” plates were immersed in this bath for two minutes, and were afterwards 
drained on blotting paper, film outwards, and stood on end to dry. They are then 
ready for use, and require about the same exposure as is necessary for the blue end of 
the spectrum with undyed plates. 

For the region D to A the plates require different treatment. Two baths are made 
up as follows:— 


No. 1. 


No. 2. 


Alcohol. 

6 oz. 

Cyanin (1 :1000) . , 

100 minifes. 

Ammonia. 

10 „ 

Alizarin blue (1 :1000) 


Distilled water . . . 


Alcohol. 

Ammonia. 

Distilled water . . . 

6 Cz. 

10 „ 


The plate is first placed in No. 1 for a minute, lifted out, drained and placed in 
No. 2 for the same time; it is then drained and put back in No. 1 for a minute, after 
which it is dried as before. 

Plates treated in this manner give the best results if used the day after prepara¬ 
tion ; they should never be kept more than three days. The exposure necessary for 
the red end with these plates is about twelve times that required by ordinary plates 
for the more refrangible regions of the spectrum. 

The ordinary plates and those stained with erythrosin needed no special developers. 
But in the case of those dyed with cyanin a weak developer is necessaiy. The one 
used for the development of a quarter-plate is made up as follows;— 


Pyrogallic acid ... 2 grains. 

Ammonium bromide . £ grain to 1 oz. of water. 

Ammonia.2 minims to 1 oz. of water. 


The plate is flooded with this mixture and gently rocked for a few minutes, another 
minim or two of ammonia is then added, and development continued in the usual 
manner. 

Since the plates dyed with cyanin are sensitive to the red end of the spectrum as 
well as the blue, they must be prepared and developed in absolute darkness, aud it is 









ARC SPBCTBBM OF 


ELECTROLYTIC IRON. . 989 


onfy vtei the development is neaziy completed that dim light should be admi tted 
through ruby glass in order to look at a plate. 

It was originally proposed to use a Rowland grating for the production of the 
speotm, especially for the less refrangible portions, where the dispersion is so small. 
An attempt was made to carry this into effect, hut it was soon found that the limited 


amount of electrolytic iron at my disposal was quite insufficient to permit the-long 
exposure involved, so that prisms were used throughout the length of spectrum 
photographed. Even when this was done, the want of electrolytic iron prevented 
the proper exposure being given to the region from D to C, so the photograph 
of this portion of the spectrum does not contain so many lines as it would have 
done had more material been available, 

Reproductions of the photographs employed in this inquiry are given in Plates 12 
and 13. 


Reference to the Observations of Messrs. Kayser and Runge. 

Since my paper was commenced two important memoirs on the spectrum of iron 
have been published. Professors Kayser and Runge, of the Hanover Technical Hi gh 
School, have investigated the arc spectrum of iron between the wave-lengths 2230'01 
and 6750‘86 (on Rowland’s scale), and compared their positions with those given by 
Thal£n, Cornu, and Vogel.* The wave-lengths of the lines in their photographs 
were determined by micrometric measures, a number of standard lines being used to 
construct the interpolation curves. The electric arc was produced between poles of 
wrought-iron, 1 centim. in diameter, and the spectra were obtained by means of a 
Rowland grating having 14438 lines to the inch. No attempt was made to eliminate 
lines due to impurities in the iron although metal of the ordinary commercial quality 
was used. From this it will be seen that Professors Kayser and Runge have gone 
over very nearly the same ground as I have. But there are one or two important 
differences in our method of work. They determined wave-lengths by micrometer 
measures, my positions have been obtained by direct* comparison with the solar 
spectrum. Their object was to investigate the spectrum of iron of ordinary purity, 
so lines due to impurities are not distinguished from those of iron. My idea has 
been to obtain the spectrum of the purest iron, and I have indicated in the tables, 
the lines possibly having their origin in foreign substances. I have, compared the 
lines given by Professors Kayser and Runge with those shown in my photographs 
from X 8900 to X 6500. The results are contained in the tables. 


Reference to McClean’s Work on the Spark Spectrum. 

Another paper on the iron spectrum was recently communicated to the Royal 
Astronomical Society by Mr. F. McCLEAN.t 

• ‘Abh. d. Akad. d. Wiss. ra Berlin,’ 1888. 

, f ‘Monthly Notices, R.A.S.,’ vol. 52, November, 1891. 
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In this case, however, the spark spectrum, end not the M are * «pad*p^ 
photographed in juxta-position with the solar spectrum. McClea» •haft not tabulated 
the wave-lengthB of the lines exhibited in his photographs, but, from a set of 
enlargements he has had the goodness to send me, I have been able to determine 
them with reference to lines in the solar spectrum, in precisely the same way as in 
my own photographs. The results of this comparison in the region X 3900-X 5740 we 
shown in a separate set of tables. 

So far as I am aware McClean has not published any detailed account of the 
apparatus which he employed. 

Explanation of the Tables. 

All the lines in the arc spectrum of iron shown on the photographs have been 
mapped in their exact positions with reference to the lines in Profeasor Rowland’s 
photographic map of the solar spectrum (first series). In the following tables, how¬ 
ever, the wave-lengths have been transferred to the scale of the second series. The 
first and second columns give respectively the wave-lengths and intensities of the 
lines photographed at Kensington, and the third and fourth those estimated by 
Kayser and Runge. The lines tabulated in the first column have been tiiken 
from the enlarged photographs, of which reproductions are given in the Plates 
accompanying this paper (Plates 12, 13). At placed after the wave-length of 
certain lines denotes that corresponding lines were observed by Thal&n. The first 
two figures of the wave-lengths are inserted only at the top of each column and 
where they undergo a change. In each case the scale of intensity used is such that 
1 represents the strongest and 6 the weakest lines. The last column is reserved for 
remarks on the probable origins of lines (generally faint) which appear in the spectrum 
of iron, but which are possibly due to impurities. An origin stated without further 
comment signifies that there is a long line at that wave-length in the spectrum of the 
substance named; but where a ? is added the coincident line of the substance is not 
one of the longest. Coincidences with lines of cerium have not been considered. 

III. Discussion op the Results. 

Impurities in Electrolytic Iron. 

The impurities as indicated (by the method previously referred to) in the appended 
tables may be summarized as follows :— 

Impurities undoubtedly present. —Mn, Ni, Cr, Co, Ba, Sr, Ca, Cu, Ti, Di. 

Impurities probably present.— Zr, U, Ru, La, Er, Mo, Zn, V, W, Os, Al. 

The evidence for the elements in the first column depends upon the work of others 



majmmmu of slbgtrolytic wm . 


m 





i»' but the evidence ha the second col umn rests solely on 
soep which is in oouise of construction at Kensington. 


Comparison with ThaxAn's Eye Observations. 

The position of all lines, for which the corrections differ considerably from the 
mean, have been very carefully determined from the scale of wave-lengths attached 
to Rowland’s maps, so that a few slight corrections to some of Thal^n’s measures 
appear to be indicated. Thus iu the region between 4600 and 4700, the mean 
difference of wave-length on the two scales is + 1 *0. On the photographs a strong 
line occurs coincident with a Fraunhofer line at 4667'6. Thales gives the wave¬ 
length of this line as 4665-5. The difference is therefore 2*1 instead of about 1*0. 
It seems probable that a misprint has occurred, aDd that 4665*5 should be 4666;5, 
in which case the difference would be 1*1. 


Thau&n’s estimation of the intensities of the lines generally agrees with the 
intensity in the photographs. The lines showing the most striking differences in 
this respect are 4432*8, 4433*4, and 4434*0. They are given the intensities 4, 3, 4 
by Thal£n, in the photographs, however, their intensities are 6, 5, 6. 

Some of the single lines given by Thal£n have been found to be double, and a few 
which he suspected were double have been proved to be so. These cases are shown 
in the tables. 

In all regions, except that contained between K and G, Thalen observed more 
lines than are found in the photographs. The number of lines observed in each case, 
in all the regions contained in the appended tables, are as follows :— 


Regions 

compared. 

Lines mapped from the 
photographs. 

Lines observed by 
Thalen. 

X4000-G 

257 

194 

G-F 

254 

266 

F-6 

120 

188 

5-D 

187 

213 

D-C 

. 55 

1 j 

147 


Total . 873 j 

Total . 1008 


More lines would doubtless have been obtained, in the region from D to C, if 
a longer exposure had not been prevented by a want of electrolytic iron. 

In addition to the photographic lines which appear to be due to impurities in the 
electrolytic iron, several lines common to Thal£n and the photographs, and some 
given by Thalen, but not found in the photographs, most probably require to be 
eliminated from the spectrum of iron proper. The lines having their origin in 
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elements other than iron axe, in nearly all cases, extremely feint. 

made of all the lines observed by ThaiAn, which are neither recorded by KAVBRlt 

and Runge, nor present in the Kensington photographs. 


Lnras mapped by ThaiAn and not mapped by either Locxyer or Kaybeb 

and Rcnge. 


h 

Intensity. 

Probable 

origin. 

Wave-length 

(Thau£»). 

Intensity. 

Probable 

origin, 

40697 

5 

1 

Mb. 

5056-5 

6 


44962 

5 

CrP 

5057-5 

6 


4506-5 

6 


5080*6 

6 


4544-0 

6 

(V or Oo) P 

5114-6 

5 

Ni. 

4590-1 

6 

51537 

6 


46837 

6 


5156-0 

6 

(Ni or Sr) P 

4716-8 

6 


5209-5 

6 

TiP 

4754-7 

6 


5211-0 

6 

LaP 

4758-8 

6 

Ti. 

5244-7 

6 

MoP 

4779-8 

6 


5294-9 

6 


4848-8 

5-5 


5325-9 

6 


48617 

6 


5326-6 

6 


4866- 6 

4867- 6 

6 

6 

• 

5590-8 

5605-8 

6 

6 


4873-0 

5-5 

NiP 

56340 

5-5 


4873-7 

5 


56440 

6 


4874-3 

5-5 


56691 

6 


4896-8 

6 


5776 0 

6 


4897-8 

6 

Mb? 

5800-0 

6 


4900-1 

6 


5825-0 

6 

j 

4924-9 

6 


5827-5 

6 


4943-7 

6 


5884-4 

6 


4974-7 

6 

Ni? 

5959-5 

6 


4985-3 

5-5 


6101-7 

4 


5024 0 

6 

Ti. 

6183-0 

6 


5030-3 

6 


6185-3 

6 


5052-2 

6 

(W or Ti) ? 

6303-5 

0 


5055-3 

6 

6306 0 

6 


5055-8 

6 






Comparison of Kaysee and Runge’s Lines and Lines in the Kensington Photographs. 

It appears from the tables that electrolytic iron does not give nearly so many 
lines as ordinary commercial metal. But the difference in number may be partly due 
to the use of different temperatures as well as difference of purity, lie almost 
constant difference of 0*1 tenth metre between the two sets of measures is a satisfac¬ 
tory sign of mutual accuracy. As my measures are only carried to the nearest fifth 
figure, while those of Messrs. Kayskb and Rungs: are carried to six, such differences 
as those most frequently met with in the tables are only to be expected. All the 
lines in the regions taken in which the difference appears abnormal have been s pecially 
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re-e^mmined;a» the wave-lepgths have been read directly from Rowland’s 

Meson. a,A'/sbb and Runge have not attempted, m their first paper on the iron 
apectmm, to distinguish the lines due to impurities. I have, therefore, endeavoured 
to trace the origins of the lines which appear in their list but not in mine. Many of 
these additional lines may possibly be accounted for by impurities, but the majority 
are not represented at all on the new Kensington maps. As already pointed out, 
they may most probably be ascribed to iron, the lines not having appeared on the 
Kensington photographs perhaps on account of insufficient exposure, or possibly by 
the employment of a different temperature. 


Comparison with McClean’s Photogmphs. 

A comparison of the lines in McClean s photographs of the spark spectrum of iron 
and those in the Kensington arc photographs shows a great similarity between the 
two, but still there are some differences. Although some of the lines not common to 
the two sets evidently have their origin in various impurities, others appear to be 
really due to iron. Most of the lines photographed by McClean in the spark spec¬ 
trum, but which are absent from the arc spectrum, have been found to be due to 
impurities; whilst, in general, those present in the Kensington photographs and not 
in McClean’s have been confirmed by ThalEn or Messrs. Kayser and Bunge as 
having their real origin in iron. Below are appended two lists, in one of which are 
given the iron lines which appear in the arc and not in McClean’s photographs; and 
in the other those which are found in his photographs, but are absent from the arc. 
All the lines in the latter list, however, have been recorded in the arc spectrum,, 
either by Kayser and Runge, or Thal£n. 
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Links probably due to Iron -which are present in the Arc, hut not in ijoCiaAiu’s 

Photographs. 


Wave¬ 

length. 

Intensity. 

. 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

W*ve« 

length. 

i 

Intensity. 

3966*9 

6 

4373-7 

5-5 

4658-5 

6 

4088*8 

6 

3974-6 

6 S 

4374-6 

6 

4666-1 

6 

4042*7 

6 

3977-0 

5 

4376-9 

5-5 

4680-7 

5*5 

4952*8 

« 

8978*6 

6 

43780 

6 

4681-6 

6 

4054*8 

8 

8979*7 

6 

4384-9 

6 

4682-3 

6 

4954*9 

6 

4009*8 

3 

4388*1 

4* * 

4683*7 

5*5 

4068*8 

6 

4030-3 

6 

4890*7 

6 

4687'5 

5 

5002*1 

2 

4049*5 

6 

4395*2 

5-5 

4668*4 

6 

5005*9 

2*5 

4052*1 

6 

4409-3 

6 

4689*6 

6 

5029*8 

6 

4053*4 

6 

4423-3 

6 

4690*3 

5 

5044*4 

6 

4054*0 

6 

4424-0 

6 

4711*6 

6 

5051*8 

3*5 , 

4057*7 

6 

4432-8 

6 

4712*3’* 

6 

5067*3 

5*5 1 

4091*7 

6 

44340 

6 

4714*6 

5 

5076*5 

6 

4100*3 

ti 

4437-2 

5*5 

4721-2 

5-5 

5145-8 

6 

4100*9 

5 

4438-5 

5-5 

4729-8 

6 

5180-3 

6 

4101*4 

6 

44401 

6 

4740-5 

6 

5184-2 

6 

4101-8 

6 

4440-6 

6 

4748-3 

5*5 

5184*8 

6 

4100*4 

5 

4441*3 

6 

4750-2 

5*5 

5202*5 

3 

4109*2 

6 1 

4447*3 

6 

4752-6 

6 

5219*9 

0 

41100 

4 

4447*9 

2-5 

4765-6 

6 

5225*7 

0 

4123*9 

6 i 

4450*5 

5 

4767-0 

6 

5242-7 

4 

4126-0 

6 * 

4456-5 

5*5 

4771-8 

5*5 i 

52440 

6 

4127*9 

6 

4502-8 

6 

4766-2 

6 i 

5247-3 

6 

4161*7 

0 

4505*0 

6 

47880 

6 

5250-4 

4 | 

4163-8 

6 

4509*9 

5 

4788-9 

4 1 

5252-2 

0 

4168*8 

6 

4518*5 

6 

4791-4 

6 1 

5253-6 

5 

4171*8 

6 

45390 

6 

4799*6 

6 . 

5255-2 

5*5 

4178*2 

6 

4542*6 

5*5 

4800-0 

6 1 

5275-5 

6 ! 

4202-9 

5*5 

4558-3 

6 

48031 

4 j 

5315-3 

6 

42300 

6 

4561-6 

6 

4807*8 

6 

5322-3 

6 

4241*4 

6 

4566-7 

6 

4808*8 

6 

5343-6 

6 

! 4244 0 

6 

4567-0 

6 

4813*9 

6 f 

5349*6 

5*0 > 

4258-5 

6 

45690 

5 

48161 

6 

5865*6 

0 

4258-8 

6 

4574-9 

5 

4818*0 

6 

5490*0 

0 

, 4264*4 

5 

4580-3 

5-5 

4824-3 

6 

5503*3 

0 i 

4275*5 

4*5 

4601*2 

6 

4827-6 

6 * 

5529*4 

0 

4280-7 

5 

4602*2 

5 

4834-7 

6 

5538*7 

0 

4286-6 

6 

4607*8 

4-5 

4896-6 

5*5 

5553*8 

0 

4289-2 

6 

4615*8 

6 

4905-3 

6 

5648*8 

0 

4292 3 

6 

4619*0 

5-5 

4909-5 

5*5 

5649-3 

e i 

1 4320 9 

6 

4630-3 

3-5 

4911-9 

6 

5654*1 

6 1 

1 43610 

6 

4634-9 

6 

4912-2 

6 

5660*7 

6 1 

43661 

6 1 

46361 

5 

4928*0 

5*5 

5666*9 

0 l 

43681 

5*5 | 

4651-5 

4 

4932*2 

6 

5686*7 

4 

43730 

6 1 

1 


! 
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lines probahly dm to iron which occur in McClean’s Photogi'cvphs i hut not in 

the Kensington Arc Photographs. 


length. 

Xutoneity. 

1 Wave- 
I length. 

- . 

Intensity. 

— -- 

j Wave- 
; length. 

Intensity. 

Wave¬ 

length. 

' i 

Intensity, j 

39141 

6 

4205-3 

0 

4418-5 

G 

5428-2 

6 

39252 

6 

42081 

6 

4421-8 

6 

5443-5 

6 

3989-2 

6 

4233-4 

3 

4541-7 

6 

5464-5 

G 

39401 

6 

4253-4 

6 

4875-2 

6 

5583-0 

6 

8963-8 

6 

4257-0 

6 

1 4913-6 

6 

5600-3 

6 

3972-2 

6 

4283-7 

6 

5197-8 

6 

5607-9 

6 

41051 

6 

f 43141 

5 

5250-9 

5 

5623-6 

6 

4129-3 

6 

4371-5 

6 

5375-6 

6 | 

5650-9 

6 

41411 

6 

4377-5 

6 

5409-3 

i 6 

5707-2 

0 

4146-7 

6 

4381 0 

5 

H*- 

| 5426-2 

6 I 

5714-3 

6 


In general, the intensities of corresponding lines in the arc and spark spectra 
closely agree. Tho more remarkable differences in the intensity of the lines are 
given in the following table. It will be seen that in the great majority of cases the 
spark lines are attributable to the air between the iron poles being raised to a state 
of incandescence, and producing lines in the spectrum due to oxygen and nitrogen. 
In the others the difference is apparently due to a closely adjacent impurity line 
which appears in one spectrum and not in the other. These impurities are indicted 
in the last column of the table. 

In comparatively few cases does there appear to be a genuine difference of intensity. 
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Lines common to McClean's Photographs and Arc Spectrum, but differing 

condden'ably in intensity. 


Authority. 

Wave-length. 

Arc Intensity. 

Spark Intensity. 

Remarks. 

L. 

3906-6 

4 

2 


L. 

40050 

6 

2 


L. 

4041-5 

6 

1 

Air-line and Mn 

T. 

4069-7 

5 

2 

W 11 *1 I) 

E. &E. 

4076-05 

6 

l 

fl 11 

Ii. 

41191 

iS 

4 

»1 11 

E. & E. 

4153-47 

6 

3 

11 »1 

E. &E. 

4186-20 

6 

4 

-1 »♦ 

E. &B. 

4190-48 

6 

2 

11 11 

E. <fe E. 

4233-25 

6 

3 


E. & E. 

481710 

6 

1 

Air-lino 

E. & E. 

4319-88 

6 

1 

71 11 

L. 

4348-0 

6 

1 

Ii *1 

h. 

4351-7 

5 

4 

11 11 

K. <fc ft. 

4417-13 

6 

i. 

i» t 

E. & li. 

4426-08 

6 

3 

if 11 

L. 

4433-4 

5 

1 

11 11 

L. 

4447-0 

6 

1 

11 1> 

K. A H. 

4465-39 

6 

4 

ii >1 

T. 

4506-5 

0 

2 

>7 11 

L. 

4581-7 

3 

5 


L. 

4587-3 

4 

6 


L. 

4596-3 

5 

1 

Air-line 

L. 

4614-4 

6 

1 

ii ii 

L. 

4637-7 

3 

5 


L. 

4638-2 

3 

6 


L. 

4643*7 

4-5 

1 

Air-line 

L. 

4650-2 

6 

3 

ii n 

L. 

4661-7 

6 

3 

M 11 

L. 

4662-2 

5*5 

3 

J1 11 

L. 

4668-3 

I 

3 


L. 

47051 

5 

2 

Air-line 

b. 

4705-6 

5*5 

2 

n ii 

L. 

4779-6 

6 

2 

n ii 

K. A E. 

4783-56 

4 

6 

Manganese 

L. 

49241 

6 

2 


L. 

4994-3 

3*5 

I 

Air-line 

L. 

5003-0 

6 

4 

11 9* 

L. 

5007-4 

5*5 

1 

1* 11 

E. A R. 

5016-40 

6 

3 

11 11 

L. 

5018-6 

5*5 

2 


E. A E. 

5025-60 

6 

4 i 

Air-line 

L. 

5169-2 

5 

2 

Probably Ni 

E. A K. 

5250-76 

3 

5 


L. 

5316-8 

5 

2 

Possibly Co 

L. 

53651 

3 

1 


L. 

5393-4 

3 

1 


L. 

5400-7 

5 

2 

Probably Or 

L. 

5445-3 

4*5 

2 


T, 

5463-21 

4\ 



XJ. 

5463 5/ 

4/ 

4 


K. & E. 

5534*87 

0 

2 

Air-line 

L. 

5535-6 

5 

2 

„ u and Ba 

L. 

5543-4 

5 

3 


L. 

5679-3 

4*5 

1 

* ” M 

If 

L. 

5712-4 

4 

6 

If If 
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General Ooncluaiom, 

In this paper I hare given an account of the method employed in mapping the 
photographic spectrum of carefully prepared electrolytic iron. The region covered by 
the inquiry extends from X3900 to X6500, and the lines are compared with those 
mapped by Thal^n, Kayser and Runge, and those which appear in McClean’s 
photographic map of the iron spectrum. 

The comparisons have led to the following general conclusions :— 

(1.) Thal^n’s work is, on the whole, strikingly confirmed, the visual spectrum aa 
mapped by him differing but slightly in essential points from that which has been 
photographed at Kensington. 

The principal difference is in the greater number of lines mapped by Thal&n in all 
regions except that between X4000 and X4300, and this is probably to be accounted for 
by the insufficient exposure of ths photographs which was necessitated by the limited 
amount of material available for the experiments. 

(2.) The comparison with the spectrum photographed by McClean indicates 
that the experimental conditions employed by him produced a temperature not 
greatly differing from that of the arc employed at Kensington. There are only a few 
lines which are not common to the two series of photographs, and these in many 
cases can with great probability be ascribed to impurities present in one case and not 
in the other. Further, the apparent differences of intensity between some of the 
lines which are common, are mostly due to the superposition of the spectrum of air 
upon that of iron in McClean’s photographs. In some cases, however, there seems to 
be a real difference in the intensities of the lines, and this may, with much probability, 
be ascribed to the slight difference between the temperature employed at Kensington 
and that employed by McClean. 

( 3 .) The number of lines mapped by Messrs. Kayser and Runge is considerably 
in excess of that mapped at Kensington in corresponding regions of the spectrum. 
The comparison indicates that this is partly due to the fact that the iron employed in 
their experiments contained a greater number of impurities than that employed at 
Kensington. 

No origins have been traced for many of the lines present in their photographs 
whioh do not appear in the Kensington photographs, and some of these may therefore 
be really due to iron, their absence from the Kensington photographs being due to 
insufficient exposure or to the employment of a different temperature. The possible 
origins of 341 of these excess lines in Kayser and Runge’s list have been traced 
from the Kensington maps of metallic arc spectra. 

(4.) The impurities which contribute the greatest numbers of foreign lines to the 
spectrum axe calcium and manganese. 
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Table I,—Comparison of Linos Photographed with those given by Rawer and 

Rtjngb. .." /' 
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:^£bll99MB^ ■ of lines Photographed with those given by Keyser and 

Rtjkoe—( continued). 
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Table I. —Comparison of Lines Photographed witl 

Rtjngb—-( continued). 
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Rungs—( continued). 
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If 
•8*8 
A li 

41 


41 



j 41 


41 


00-2 

6 

i 08-28 

6 


34 0 f 

0 

33*96 

4 

09-23 

4 


1 


34-50 

5 

io-o f 

3 

09*88 

2 


34-9 t 

3 

34*77 

1 



10-41 

6 



35-43 

6 



1117 

6 

Mn 



35-08 

6 



11*85 

5 

!i 


36*58 

6 

131 f 


12-47 

5 

Y? 

37*2 t 

3 

3706 

2 

5 

1308 

4 



37*66 

6 



13*52 

6 

Mn? 



3815 

6 



13-89 

6 

DI? 

1 


38-99 

6 

14-6 f 

4 

14-53 

3 

40-1 

• « 

39*96 f 

5 



14-98 

5 

(V or U) ? 



40*54 

5 



15-34 

5 

i 

1 


41-11 

6 



15-78 

6 




41-51 

6 



1622 

6 


42 0 f 

0 

41*94 

5 



16-86 

6 



42-31 

6 



17*41 

6 


42*8 

<*> 

42-74 

5 



17-75 

6 


43*6 f 

i 

43-50 

1 

18-7 f 

2 

1800 

5 

(W or V) ? 

44*0 f 

1 

43-96 

1 

18-62 

1 



44-72 

6 



19-00 

5 

Co? 

45*3 

0 

45-29 

6 



19-45 

5 

Y? 

46-2 f 

6 

4612 

4 



19-84 

6 




46-70 

6 

20 4 f 

5 

20-28 

3 

!! 47-9 t 

4 

47-74 

2 



20-59 

6 

li 49-5 + 

5 

49-44 

8 



21-48 

6 

Co 

50-5 f 

6 

50-42 

4 

220 f 

5 

21-88 

3 



51-34 

6 

22-7 t 

5 

22-59 

3 




52-04 

5 



2316 

6 

Mn? 

52-3 t 

5 

52-25 

4 

23 9 f 

5 

23-81 

4 



52-78 

6 


24-35 

6 




53-47 

6 



24-76 

6 

Os? 

541 f 

3 

54-04 

3 



2517 

6 


54*7 f 

8 

54-57 

i 3 



25-71 

5 


55*0 f 

8 

54-95 

3 

260 

6 

25-94 

5 

j 


5613 

6 

26 4 f 

5 

26-25 

4 


57-0 f 

3 

56-88 

2 



26-95 

6 

Cr? 1 



57-46 

6 

27-8 f 

“3 

27-68 

3 


58-0 f , 

4 

57-91 

3 

27*9 

6 

27-86 

5 


59 0 f 

4 

58-89 

3 



28-91 

6 

Rh? 



59-36 

6 



29-28 

6 




60-31 

6 



29-71 

6 




60-59 

6 



80-08 

6 


61-2 

6 

6113 

5 



30-58 

6 


61-7 t 

6 

61-57 

5 



3114 

6 

Mn 



6219 

6 

82*2 f 

1 

3215 

1 


1 


62-63 

6 

88*11 

4 

32-96 

2 


63-8 + 

6 

63-74 

5 


88-67 

6 




64-89 

6 


Os ? 


Os? 


Mn 


V? 


Di? 


TiP 

(Os or La)? 
ZrP 

Co? 

Mo? 


MDCOCJEOIV. 


0 M 


Possible origin. 
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Tabl® I.—Comparison of lines Photographed with these given by Kjo&MfB end 

Bxtnob—( continued). 






6 at 2 









Bungs—( continued). 


ft 

6 

jj 

is—' 

f| 

1 H 

» r* 

1? 

ji 

It 
5 ii 

1 

•O 

P-4 

f? 

« 

if 

*5 # 

f**4 

f 

ft 
Is : 

|*J> 

5 H 

IP* 

l 

42 


42 



43 


43 





84'55 

6 

Mn? 



1112 

6 

Zr? 



84-90 

6 

Ru? 



12-28 

6 




85-20 

6 




13-91 

6 


85-6 f 

4-5 

85-57 

3 




14-43 

6 




86 02 

6 

Co? 

15-2 f 

1-5 

15-21 

1 




86-22 

6 




15-83 

6 


86-6 t 

6 

86-58 

c 




16-21 

6 


87-2 t 

6 

87-05 

5 




17-10 

G 

TiP 

88-3 f 

5 

88-25 

4 




18-22 

6 


89 2 f 

6 

8908 

5 


18-8 

5 

18-78 

6 

Oa 

89-5 

5 



Ca 



19-88 

6 




.89-84 

5 

Cr? 

20-9 t 

6 

20-89 

6 


901 

G 

90*04 

6 

Cr 

22-0 f 

5 

21-90 

5 

Ti P . > 

90-5 f 

5 

90-50 

5 




22-93 

6 

* 

91-1 f 

6 

90-99 

6 

1 



24-66 

6 


91-6 f 

5 

91-69 

4 




2519 

6 

(Cr or Ti) P 

92-3 f 

6 

92-36 

5 

| 

26-0 f 

i 

25-92 

1 




92-49 

6 


26-9 f 

6 

26-86 

6 




9307 

6 

(Mo or Ru) ? 

27-3 t 

4-5 

27*22 

4 




93-61 

6 

I 

j 28-1 f 

5 

28-02 ; 

5 


94-3 f 

2 

9426 

l 

i 

I 

1 


28-91 

0 




9508 

6 

wp 

j 311 t 

G 

3102 

G 




94-45 

6 

u? : 

j 


81-89 i 

i 6 

NiP 



95-83 

6 

(Ti or Cr) ? 


i 

33-88 t 

i 6 ! 

NiP 



9613 

6 

! 



35-96 

! 6 

Mn P 



96-56 

6 

j 

| 37-2 t 

2 

37-14 

1 




97-46 

6 

(Cr or Rn) P i 



8771 

! G 

(Cr or Mn) ? 

98-2 f 

4 

9816 

4 




8805 

G 

Ti 

99-4 f 

1 

99-42 

1 

j| 

38-4 t 

5*5 

38-38 

5 






ji 



40-21 

0 


43 


43 





40-65 f 

G 







43-4 f 

5*5 

43-39 

5 




00-29 

6 

Mn? 

43-9 f 

5*5 

43-81 

5 


010 

6 

00-86 

0 




4462 

6 

Cr? 

' 


0116 

6 

Ti 



4517 f 

6 


02-4 f 

4*5 

02-31 

5 


46-8 f 

5’5 

46-66 

4 


027 

45 

02-68 

6 

Ca | 



47-34 

6 


03-3 

6 

03-25 

6 

Di j 

48-0 f 

G 

47-99 

5 




03-87 j 

G 

1 



48-57 

6 


04-7 f 

6 

04-66 ! 

0 


49-1 f 

6 

49-07 

5 




05-32 1 

0 




49-87 

■ 6 


05-6 f 

4 

05-58 

8 




50-48 

6 

BaP 



0611 

6 

Ti 



Bill 

6 

Cr? 



06-80 | 

6 


517 f 

5 

51-67 

4 


081 t 

1 

07-96 ! 

1 

1 



62-57 

6 


092 

4*5 

0914 i 

5 

■ 

52-9 f 

2*5 

52-86 

2 


09-6 t 

4 

09-50 

8 




68*60 

6 


106 f 

6 

10-52 j 

t 

\ 

6 




56*94 

6 

CoP 



ABO SPB»IaXJM OP Mj*K3TSOLTTIO iron. 


Ruhge—( continued). 


58-7 f 4 
61-0 t 6 

861 f 6 

67-8 f 4 
681 f 55 


69-9 f 8 


73 0 f 6 

73- 7 t 5 5 

74- 8 f 6 

761 f 8-5 
769 f 5-5 


83- 7 f 1 

84- 9 f 6 

85- 6 f 6 

88-1 f 4-5 

88- 6 f 4 

89- 4 f 5-5 

90- 7 f 6 

91- 2 f | 4-5 


92-8 f 6 

95-4 f 5*5 


58-62 
6001 
62-47 f 
66-02 

66- 89 

67- 68 
6800 

68 67 
6918 

69 89 

70- 59 

71- 00 
71-51 
73-10 

73- 67 

74- 59 
75 06 
7604 

76- 89 

77- 46 f 
77-94 • 


(Co or Cr) ? 


05-0 f 1 


07-8 f 3-5 
08-6 f 3-6 
09-3 6 


15-3 f 1 



22- 7 t 3 

23- 3 t 6 

24 0 t 6 


27-5 f 2-5 


i 30-4 f 6 

(Ru or Ir) ? j 30 8 t 3-5 


32- 8 t 6 

33- 4 t 5 

34 0 f 6 

35-2 5 

35-9 6 


01*5 f 4; 


37- 2 f 5-5 

38- 5 f 5-5 

40-1 f 6 

40-6 t 6 


02-95 

03-60 

04-88 

06-07 

06-74 

07-80 

08-54 

09-25 

1112 

1215 

13-35 

13- 99 

14- 56 

15- 27 

16- 10 
16-56 
16-85 
1713 
18-43 

21- 37 
22 02 

22- 67 

23- 29 
24 01 

24- 26 

25- 79 

26- 08 

26- 74 

27- 44 

28- 17 

28- 74 

29- 44 

30- 32 

30- 74 

31- 43 

32- 06 

32- 68 

33- 32 
33-98 
35-27 


Possible origin. 
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Table I.—Comparison of Lines Photographed with those given -by Kayseb and 

Ronge—{ continued). 


Wave-length 

(Lockter). 

Intensity. 

1 = strongest. 

M 

|I 

? P® 

d « 

Intensity. 

1 as strongest. 

! 

£ 

s 

fr 

g w 
£ >* 
Is 

>8 

Ji 

•5 II 

rH 

/-N 

w 

_£J O 

fS 
© ^ 

d 

Intensity. 

1 = strongest. 

' 

Possible origin. 

44 


44 



44 


44 



; 41 t 

C 

4110 

6 




74-13 

6 


! 


41-80 

6 




74-87 

6 

Ti? 

i 42-5 f 

2 

42*46 

2 




75*41 

6 

VP 

i 


42-97 

6 


76-2 t 

1*5 

76*20 

1 


! 4*1-4 f 

3 

43-30 

2 




76-98 

6 




4415 

6 




77-37 

1 6 




44-79 

6 

u? 



77-71 

C 

(Co or U) ? 



45*15 

6 




78-18 

6 


45*6 f 

6 

45*61 

6 


79-8 f 

5 

79-73 

1 5 




46*16 

6 

Co? 

80*3 f 

5 

80-26 

5 




46*47 

6 




8103 

6 


47*0 t 

6 

46*95 

5 


81*8 f 

6 

81-72 

6 

i 

47-3 

6 

47*23 

5 


82-4 f 

2 

82-35 

2 

i 

47-9 + 

2*5 

47-85 

5 


82-9 f 

6 

82-86 

6 




48*66 

6 




83-32 

6 


50-5 f 

5 

50-44 

5 


84-4 f 

4 

84-36 

3 

j ! 

j 



51*71 

5 

(Co or Mn) ? 

85-8 t 

5*5 

85-77 

4 

1 , 

1 



5222 

6 


88-3 t 

6 

88-26 

5 

1 



53*16 

6 

Mn? 

891 f 

6 

89*08 

6 


| 


53*53 f 

6 

Ti ? 

89-9 f 

5 

89*84 

4 

, 

j 54*6 f 

3 

54*50 

3 


90-3 f 

5 

90*19 

4 


! 54*9 

5*5 



Ca 1 

91-0 t 

6 

90*88 

5 

i 



55*20 I 

6 

t ! 

| 



91*53 

6 

Mn? 

56*1 

6 

55*85 1 

6 

Mn 



92*84 f 

6 

Or? ; 

1 56-5 f 

5*5 

56*46 

5 

; i 



93*42 

6 

1 

1 


57*18 

6 

: Mn ? j 



93*95 

6 

1 

! 

i 


57*68 

6 

(Ti or Mn) ? 

94-7 f 

2 

94*67 

2 


; 58*5 

6 

58*35 

5 

Mn j 



95*51 

6 


59*3 f 

2*5 

59*24 

2 




96*20 

5 i 

Ti? 



59*88 

6 

Ru? I 



97*86 

6 i 




60*48 

6 

v? ! 



99*03 f 

6 ! 

Mn 

61*4 

6 

61*40 

6 

Mn ? 




! 


61-8 t 

3 

61*75 

3 


AtL 


i 

i 


62*2 

6 

62*11 

4 

Mn 



flku 





63*33 

6 1 




02-31 

6 

Mn 



63*66 

6 ! 

Ti? 

02-8 t 

6 

02-76 

6 


; 64*9 

6 

64*88 

4 1 

Mn 

05-0 f 

6 

04-93 

6 


1 


65*39 

6 ! 


08-5 t 

0 

08-40 

6 


1 


65*96 

6 ; 

Ti? 



09-41 

6 

CuP 

6(3-7 t 

2*5 

66*70 

2 


09-9 f 

5 

09-95 

6 




67*55 

6 


14-4 f 

5 

14-29 j 

5 




67*96 

6 


15-5 f 

6 

15-36 j 

6 




68*44 

6 

Ti 

17-7 f 

4*5 

17-64 ! 

4 


69*6 f 

3 

69*53 

2 


18-5 f 

6 

18-62 1 

6 




70*23 

6 

Mn 

20-4 t 

6 

20-35 

6 




71 31 

6 

Ti? 

22-8 f 

5 

22-72 j 

6 

TiP j 



71*94 

6 

Co? : 

23-6 f 

6 i 

23-47 

6 

1 

72-9 

5*5 

72*84 

5 

Mn 


1 

24-91 

5 

VP j 
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Table L—Comparison of Lines Photographed with those given by Kaysrr and 

Kunoe—( continued). 




A 








Q W 

I'l 

(SO 

ag 

a 03 

.4 

a 

• rH 

to 

*E 

a . 

H 

•*» 

H 

f| 

go; 

09 

&§> 

4 

5 1 

1 a 
M 

& II 

rH 

•}«* 
b w 

1* 00 

#» p 

§ is 
■£ 02 

O II 

W 11 

fH 

0 

r£ 

rO 

*2 

© fcH 

T M 

g 8 

S j 

ii 

& I 

i 

s « 

ce ca 

QJ 1 

% * 1 
£ ii j 

rH ' 

1 

o 

CD 

iS 1 

1 

Oh 







1 


1 

-i 

46 


45 



45 


45 



25*4 t 

3 

25-27 

3 


G9-0 f 

5 

68-93 

4 




25*99 

6 




71*62 t 

6 

Ta? i 

26*6 f 

5 

26*66 

4 




73 05 f 

6 


27*36 

6 

Ti 

74*4 

6 

*74*34 

6 1 

Ba ? 



27*99 

6 

Co ? 

74-9 f 

5 

74*84 

4 


28-8 t 

2 

28*78 

1 




75*87 

6 

V? 

29-7 f 

5 

29-75 

4 


1 


79*30 

6 


30-51 

6 


| 80*2 t 


79*93 

« 


31-4 t 

3 

31-25 

2 



5*5 

80*04 

6 

I, 

VP ) 

31*8 t 

6 

31-75 

4 


80-8 f 

6 

80*67 

5 


32-47 

6 


81 -7 f 

5 

81-66 

4 

Ca ? 

33-4 f 

6 

33*35 

5 




82*51 

6 




34*13 

6 

Co ? 

| 


83-04 

6 




34*94 

6 

Ti? 

| 84*0 t 

5 

83*93 

5 

, 



35*65 

6 

Ti 

85*0 t 

5 

84-89 

5 




36*10 

6 

Ta? 



86*46 

6 

Mu? 


♦ 

36*58 

6 


87*3 f 

4 

87-23 

4 

CuP 



37*74 

6 

V? 


91-52 

6 

V? 

39 0 t 

« 

38*96 

5 


92*7 f 

2 

92*75 

2 


400 

i 6 

39*87 

6 

Cu ? I 

|l 


1 93*64 

6 

1 V? 



40*77 

6 

Cr? 



i 94*25 

6 

1 1 



41*43 

6 


! 95 5 t 

4 

95*48 

4 



| 

42*07 

6 


96*3 f 

5 

96*13 

5 


42-0 f 

j 55 

42*53 

5 




96*64 

6 

! 

| 


I 

42*84 

6 




97*50 

6 

1 | 


1 

I 

46*13 

6 


1 98*3 t 

4 

98*26 

3 

1 1 

1 


i 

46*61 

6 






) 

47-2 t 

1 0 ! 

47*14 

4 

1 

46 


46 



481 f 

i 3 

47*95 

2 




Ba 



48*88 

6 

Mn 

00*1 

6 

00*09 

6 

49-6 + ! 

! 5 

49*57 j 

! 4 | 

Ti? 

01*2 f 

6 

! 01*08 

6 


510 t 

, 5*5 

51*10 

6 


02*2 f 

5 

i 02*11 i 

4 


1 ! 

1 

51*76 

6 

U? 

03*1 t 

2 5 

03*03 

2 


52-7 f 

I * } 

52*66 

4 

Ti ? 



04*01 

6 


54*2 

i 3 

54*16 

6 

Ba ? 

04*8 f | 

55 

04*84 

6 



l 

54*63 

6 



05*52 

6 


56 3 f 

1 4 

56*22 

2 




06*34 

6 

Sr 



57*04 

6 


1 07*5 1 

5*5 





57*46 

6 


07*8 t 1 

4*5 

07*79 

3 


58*3 f 

6 

58*18 

6 


1 11*4 f 

3 

11*38 

2 


60*3 t 

5*5 

60*26 

5 


13*6 f 

4*5 

13*35 

4 




61*09 

6 

VP 

14*4 t 

6 

14*29 

* i i 


61*6 t 

6 

61*84 

6 


15*8 f 

6 

15*73 

6 


64*9 t 

5*5 

64*87 

5 


190 t 

5*5 

18*88 

5 

1 

65*5 f 

5*5 

65*44 

6 


19*5 f 

3*5 

19*40 

3 


65*8 

5*5 

65*81 

5 

Co? 

25*3 f 

3 

25*19 

3 

Mu 

66*7 f ; 

6 

66*62 

5 



6 

26*65 

6 

67*1 t 

6 

67*10 

6 


27*6 f 

27*65 

6 
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Table I.—Comparison of Linos Photographed with those given by Kaysbe and 

Bunge —(continued). 









A 


1 

g p 
g 8 

tensity. 

strongest. 

W 

^ g 
toj 

g* 

-?«e 

i<i 

tensity. 

strongest. 

fl 

‘Sc 

I 

Q> 

35 

1? 

6 o 

> o 

■6 

jj.fi, 

‘f-4 M 
11 

H 

pd 2 

fiS 

7*e 

4 

11 

ble origin. 


a n 

5 w 

► 5 

M 

►5 II 

rH 

i 

cS 

.<=* J 

If- 

hS II 

pH 

1 8 
► a 

M 

M || 
PH 

05 

O 

P-l 





! 



13# 



46 


46 



46 


46 



29-6 

5*5 

29-44 

6 

CoH 



94-97 t 

'6 

UP 

30*3 f 

35 

30*22 

4 


98-6 t 

6 

98*50 

6 

Ti ? 



30*91 

6 







33*1 f 

3*5 

31*61 

33*02, 

6 

4 


47 


47 



34*0 f 

6 

33-87 

6 


00*3 t 

5*5 

00*49 

6 


34-9 t 

6 

34-92 

6 


01*2 

5*5 

01*10 

6 

Mn 

361 t 

5 

35*95 

5 ; 

05*1 t 

5 

0510 

5 


37*7 f 

3 

37*66 

3 ; 

05*6 t 

5*5 

05*53 

6 


38-2 t 

3 

3813 

3 

07*5 t 

1 

07*45 

2 




40-45 

6 

09*3 f 

4 

09*18 

4 


41*4 f 

6 

4112 

6 



09*83 

6 

Mn 

437 f 

4*5 

43*58 

4 

104 t 

3 

10*37 

4 




44*94 

6 

11-6 f 

6 

11*56 

6 




46*34 

6 

Cr 

12*3 t 

6 

12*22 

6 


47-6 t 

2*5 

47*54 

2 

14-6 t 

5 

14-31 

6 

Ni? 

50-2 t 

6 

49-95 

6 ! 

21-2 f 

5*5 

21*11 

6 


51-5 f 

4 

51-27 

4 

22*3 

5*5 

22-27 

6 

Zu? 



52*21 

6 

Cr ? 



26*38 f 

6 


54*7 t 

1 

1 54*70 

i 

27-6 i 

5*5 

27*56 

4 

M 11 

57*8 t 

5*5 

i 57*71 

6 

28-7 f 

3*5 

28*67 

4 


58-5 t ; 

6 

> 58*42 

6 



29*13 t 

(> 




| 58*77 , 

6 

29-8 f 

6 

29*84 

6 


61*7 f 

6 

1 61*61 

6 , 


30*41 

6 


62-2 f 

5-5 

| 62*09 

s 

31-6 f 

4*5 

31*60 

6 


63 4 t 

I 6 

! 63*25 

6 

Co ? 

33-8 t 

4 

33*71 

4 



J 

64*46 

6 



34*25 t 

6 


661 f 

■ 6 

J 66*08 

6 i 

36 0 f 

6 

35*96 

4 


67*6 f 

] 

67*56 

3 

37-0 f 

l ! 

36*91 

1 


68*3 f 

1 1 

68*23 

3 1 

! 

j 


37*75 t 

6 

Cr? 

69*4 f 

1 5 

, 69*30 

4 | 



39*26 

C 

Mu 

73*4 f i 

1 3*5 

73-29 i 

4 | 

40*5 f l 

6 

40*48 

6 




74-37 1 

0 

; i 


41*27 

6 


74*8 ; 

<> 

74-78 j 

6 

Er ? 

41*7 f 

4 

41*65 

5 


i 


75-23 ! 

6 

Cu ? 

, 44*6 t 

6 




79 0 f 

1*5 

78-97 ! 

2 

46*0 t 

3*5 

45*92 

5 : 


80 5 t 

5*5 

! 80-49 ! 

6 



47*49 

6 


81-6 f 

6 


6 

48*3 f 

5*5 




821 

6 

j 81-58 


Ti ? 

i 


49*77 

6 


82-3 f 

6 

82-18 

6 

; 50*2 t 

5*5 

50*13 

■ ^ i 




82-74 

6 

! 51*3 f 

6 

i 



837 f 

! 5*5 

83-68 

5 

52*6 f 

6 

52-50 

6 


! 


85-27 

6 



54-16 

4 

Mn 

87-5 f 

5 

87-49 

6 


: 




88-4 f 

6 

! 88-39 

6 



56 20 t 

6 

Cr? 

89 6 t 

6 

89-62 

6 

57*8 t 

4*5 

57-70 

5 

Ti 

90-3 f 

5 

90-26 

5 


61-66 

6 

Mn 

91 5 f 

3 j 

j 

91-52 

3 


i 


62-48 

6 

Mn 
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Table X,—Comparison of Lines Photographed with those given by Kayser and 

Rtjnge— (continued). 




/-S 






i 

i 

It 

jl 

il 

*3 II 

r-4 

W 

il 

cTcfl 

0) 

c8 M 

Intensity. 

1 = strongest. 

Possible origin. 

^5 

IE 

jS 

Intensity. 

1 =s strongest. 

w 

J3 Sk 

to 

£ K 

5 w 
l® 3 a. 

*3 

Intensity. 

1 — strongest. 

Possible origin. 



'W 





w 



47 


47 



48 


48 



66 0 f 

6 

65*98 

6 


38*7 f 

5-5 

38*66 

6 

Mn? 

66-6 f 

6 

66-56 

5 

Mn 

39*7 t 

6 

39-66 

5 


67*0 f 

6 

67-13 

0 


40*5 f 

6 

40-42 

6 

Co ? 

68*5 f 

3 

68*46 

5 



41*92 t 

6 

Ti 

71-8 f 

5*5 

71*81 

6 


43-3 f 

4*5 

43*31 

5 


73 0 t 

4 

72*95 

5 


44-2 f 

5 

44*13 

6 


76-5 t 

6 

76-17 

6 


45-8 f 

5 

45-76 

6 


79-6 t 

6 

79*55 

6 



48*57 f 

6 

Ti? 



83-56 

4 

Mn 



4902 

6 


86-2 f 

6 

86*04 

6 


1 

I 


52-09 f 

6 


87-0 f 

3 

86*91 

4 


1 


55-00 f 

6 

SrP 

88*0 t 

C 

87-98 

6 


55-8 f 

5*5 

55*80 

6 

Ni 

86-9 f 

c 

88*65 

5 


i 57*6 f 

6 

57-40 

6 


89*8 f 

2*5 

89*74 

8 


i 


59-20 

6 




90-54 

6 

Cr? 

59-9 f 

1 

59-86 

2 


91*4 f 

6 

91*33 

6 




60*92 f 

6 



* 

92*62 f 

6 


1 

I 


62-07 f 

6 

(Cr or Co) ? 



94*15 f 

6 


i 63*8 t 

5*5 

03*78 

6 


98-4 t 

5 

98*38 

6 




09*71 t 

6 

Ru ? 


98*90 f 

6 

TiP 

1 


70-14 

6 

Ti? 

99-6 f 

6 

99*50 

6 


71-5 t 

1 

71-43 

2 






! 72-3 f 

1 

72-25 

2 


48 


48 



1 76-1 f 
, 78-3 f 

5 

2*5 

| 76*00 

i 78*33 

6 

3 

Ca? 

00 0 t 

6 

99*98 

6 


j 817 f 

5*5 

' 81*80 

G 


00 8 f 

4 

00*76 

5 


! 82-3 t 

5 

| 82-27 

0 



! 01*22 

6 

( Tn or La) P 

1 85-6 f 

5 

‘ 85*55 

5 

Ti? 

03-1 f 

4 

03*00 

4 

1 86 5 f 

5*5 

! 86*43 

6 




04*71 f 

6 


87-4 f 

6 

87*39 

6 


07-8 f 

6 

! 07*86 

6 


il 88-8 f 

6 

| 88*71 

6 




08*25 f 

6 

| 

. 89-2 f 

5 

1 89*14 

| 5 


08-8 f 

: 6 

08*87 

6 

( f i or Mn ) P | 

1 


| 89*95 

1 <> 



09*36 f 

6 

90-9 f 

1 

1 90*89 

t 2 




09*65 t ; 

6 

i 

, 91-6 t 

1 

91*62 

1 1 


10-7 t 

5*5 

10*06 ! 

6 

i 

, 93-0 f 

6 

93*02 

i 6 




11*22 

6 

Tip 

1 90-6 t 

5*5 

96*56 

I 6 




13*33 f 

6 


j 



1 


13-9 

6 



! 49 


49 





15*42 

6 

(Os or Ru) ? 


I 


16-1 f 

C 



1 03-4 t 

2*5 

03*11* 

! 2 


18-0 f 

6 

17*90 

6 


j 05-3 f 

6 

05*30 

: c 



23*63 

4 

Mn 



06*68 

1 6 ! 


24-3 f 

6 

24*27 

6 


i 07-8 t 

5 

07*86 

: 6 



25*44 f 

6 

Ti? 

09-5 f 

5*5 

09*53 

5 


27 6 f 

6 

27*57 

6 


10-2 t 

4*5 ! 

10*15 

4 I 


32 8 f 

4*5 

32*84 

5 




10*60 f 

5 


34-7 f 

6 

34*64 

6 


11-9 

6 

11*93 

6 


36-0 t 

6 

86*04 

6 

Ti? 

12-2 f 

6 





0 N 
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Table I.—Comparison of Lines Photographed with those given by Kayseb, and 

Runoe—( continued). 




A 








M * 

P w 

T ^ 

g 8 

■8 

•p o 

IS 

45 co 

u> 

II 

*2 * 
£ ps 

tensity. 

strongest. 

o 

3 

P M 

0? JN 

'*7 M 
£ 1 

tensity. 

strongest. 

Cd 

as 

gw 

g g 

4 

if 

.8 w 

| 


*9 II 

rH 

5 w 

*3 

rH 

S3 

Pu 

.*»s 

►3 || 

rH 

S ss 

►3 

A II 

rH 

i 



w 





W 1 



49 


49 



49 


49 





13-76 

6 




76-03 

6 

NiP 

17-4 f 

6 

17-41 

6 




77-79 f 

6 




1816 f 

6 


78-8 t 

4*5 

78-71 

4 

TiP 

19*2 f 

i 

1911 

2 




78-66 f 

6 


20-6 f 

i 

20*63 

I 




81-73 

6 

Ti 



21*11 

6 


82-7 f 

3 

82-67 

3 




23*26 

6 




83*00 

6 


24*1 f 

6 

24-00 

0 


83-4 t 

5 

83-41 

5 


24*9 f 

4*5 

24-89 

5 


841 t 

4 

83*97 

4 


27*6 f 

5*5 

27*46 

6 


85*4 f 

4 

85*35 

4 


28-0 t 

5*5 

27-93 

6 


85-7 t 

4 

85-68 

4 


30*4 t 

6 

30*43 

6 




86-37 f 

6 


32*2 t 

6 




89-2 t 

5 

89-10 

5 

Ti? 

33*5 t 

5 

33*44 

6 




90*56 f 

6 


84-2 

r> 

34*08 

6 

Ha 

91*5 t 

5 

91*43 

5 

TiP 



37*44 f 

6 

NiP 

94-3 t 

3*5 

94*25 

4 


38-3 f 

6 

38-30 

5 




94*63 

6 


39*0 f 

4 

38-93 

3 




95-81 f 

6 


39*8 t 

0 

39-78 

4 




97*00 t 

6 

Ti? 



41*32 

6 


1 


99-23 t 

6 


42-7 t 

C 

! 4251 

6 








43*80 

6 







466 t 

4 

45*80 f 
46*54 

6 

4 


50 


50 





48*38 

6 


02*1 f 

2 

0202 

2 


50-3 t 

5*5 

50*25 

5 


03*0 f 

0 

02-95 

5 

I 

52-8 t 

6 

52*04 

6 




0414 f 

6 

I 

54-8 f 

6 

54*60 

6 


i 


04-92 f 

6 

Mn? | 

54-9 

6 

54*90 

6 


05*9 t 

2 

05-84 

3 

i 



55*73 

6 


06*3 f 

2 

06-24 

2 

1 



56*11 

6 


07*4 f 

5*5 

07-50 

5 

Ti? 

57-5 f 

1 

57*43 

3 


1 

11-42 

6 


57-8 f 

1 

57*80 

2 


r 12*3 f 

2*5 | 

1215 

3 




59*61 

6 




12-50 f 

6 




61*15 f 

6 

Mo? 



12-86 

6 : 




62*03 f 

6 




13-48 

6 

Cr? 

62-8 t 

6 

6*2*63 

6 

Sr 

i 


1410 

6 




64*65 f 

G 


f 


14-42 

6 i 

Ti 

G6-3 t 

3 

66*23 

3 


15*2 t 

i 

2*5 

1509 

3 ! 




66*90 

6 



15-40 

6 


68-1 f 

5 

67*97 

6 

Sr? 



16-40 

6 

Ti 

68'8 f 

6 

68*79 

0 




17 02 t 

6 

Cn? 

70-1 f 

5 

70*07 

0 


i 

■ 

17-81 

6 

Ni? 

70-7 t 

5 

70*58 

0 


! 18-6 f 

1 5 5 

18-53 

4 




72*36 

6 



1911 

6 

I 

73-3 t 

1 4 

73*29 

4 




19-89 t 

6 

Ti 



74*40 

0 

Mn ? 



20 60 f 

6 




75*60 f 

0 

Ti? 



2161 t 

6 






ARC SPECTRUM OF ELECTROLYTIC IRON. 


Table I.* -Comparison of Lines Photographed with those given by Kaysjer and 

Kunge (continued). 









a . 


A S 

si 

-4* 

cc 

4 

A , 

I'** 

11 
A II 

rH 


bo 

'Sj'm 
p S 

•f B 

J3 

fc'-' 

•a-e 
is : 

II 

A it 

Q 

1 

£ 

© H 

*7 M 

5 i 





—.....—i 

. !. 


50 

22-4 f 3 


27- 4 f 3-5 

28- 3 t 3-5 

29- 8 f 6 


39-5 f 5-5 
411 t 3 
41-8 f 3 
44-4 f 6 

48-7 f 6 
50 0 t 2 5 


51-8 f 3-5 


65*2 f 3*5 
67*3 t 5*5 
69*0 t ^’5 
72*3 f <> 
72*8 f « 
75*0 f 3 
76*5 f 6 
79*21 3 

79*4/ r 3 
79*9 f 5 


83*5 + 3 


91-0 t 
97*2 t 
98'7 f 


50 

22*35 

23*53 f 

25*60 t 

27*28 

28*25 

29*73 

30*99 t 

31*95 f 

36*40 f 

36*90 f 

39*38 

41*17 

41*85 

44*38 

47*85 

48*57 

49*94 

50*58 

50*98 

51*72 

53*65 4 

54*71 t 

60*11 f 

65*09 

67*22 

68*88 

72*04 

72*82 

74*80 

76*43 

79*00 

79*36 

79*85 

80*37 

80*78 f 

83*14 

83*46 

84*26 f 

87*16 t 

88*15 f 

90*90 

97*07 

98*77 

99*17 


05*7 tj »3 | 

! i 

07-6) , i 3 | 

j! 07*8 / f j 3 | 

ij 10*6 f I 3*5 j 



21*8 f 


, 23*9 f 

Mo? 

25*4 t 

Ba? 

26*4 f 

Mu? 


Ti? 

27*5 t 

i 

Ti? 

31*6 t 

Cr? 

33*9 t 


! 37*6 f 


39*4 / 


39*6 j T 


41*9 f 

Ni ? 

! 42*7 t 


43*0 f 

NiP 

45*3 f 

Ti? 



48*4 t 


51*0 t 

NiP 

52*1 t 


| 53*4 t 


I 59*3 t 

Ni? 

1 

i 


02*28 
03*37 
04*07 
04*25 t 
04*45 f 
05*66 
06*57 
07*53 
07*76 
09*75 
10*50 
11*21 
14*45 f 
15*87 
17*98 
19*77 
20*32 
21*71 
23*82 
24*18 
25*27 
26*31 
26*70 
27*44 
28*15 
29*73 f 
31*51 
33*64 
36*12 f 
37*50 
38*12 
39*34 
39*58 
41*85 
42*63 
42*99 
44 *17 f 
45*17 
46*57 t 
48*15 t 
48*36 
49*43 
50*96 
52*00 
53*28 
57*18 f 
59*09 
60*39 t 


(Mo or Ti) ? 


o 
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Table 



61 

62 5 f 

65-6 f 
66*5 f 
67*5 t 
69*2 f 


71*8 f 


80*3 f 


84*2 
84*8 f 

88*1 f 

91*7 t 

92*5 t 

95* 1 f 
95*7 f 
96*3 f 


98*9 t 


52 


02*5 f 
04*7 f 


08*8 f 

15*4 f 
16*5 t 


!.—Comparison of Lines Photographed with those given by Kayser, and 

Runge—( continued). 
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p 

;a 

0 

© 

3 

i 

pS 

! jd . 

j 

1 SS 

j id 

? 8 

, 

1 w 

i 

i. 

■8 

ll 

© -e 

4-1 <0 

&\\ 

rH 

- ° 

»d ^ 

g « 
s « 

P oa 

'W 

•40 

■6*1 

'll 

3 J 

Possible origin. 


51 



i 

52 


to 



2 

62*49 

8 


17-6 t 

4 

17-49 

4 



64*65 f 

6 


18T 

3*5 

18-03 

5 

Cu 

5-5 

65*52 

4 


18*4 

3-5 

18*28 

5 

Cu 

5*5 

66-36 

4 


19*9 f 

6 

19-76 

6 


1 

(57-50 

1 




2109 t 

6 

Cr P 

5 

69*09 

3 

Ni? 

1 


21*89 t 

6 



70-08 

6 




22*63 f 

6 

Sr? 


70*86 

6 




23*28 f 

6 



7115 

6 

Mo? 



24*40 

6 

Ti 

1 

71-71 

2 


; 25 7 t 

(3 

25*60 

5 



73-85 

6 

Ti 



26*25 

6 



77-40 t 

6 

Ba? 



26*63 

6 

Ti? 


78*89 f 

6 

V? 

i 27*1 t 

1 

27*00 

1 


6 

80-14 

5 


27-4 t 

1 

27-33 

1 



81*40 f 

6 

V? 



27-85 

6 



81*90 

0 


1 


28*53 t 

6 


6 

84*42 

4 


! 30 1 f 

4 

29*95 

3 


6 




J 


31*49 

6 



86*65 

6 


i 


32*48 

6 


.V5 

88*00 ! 

5 

u? 

i 331 t 

! i 

33*05 

1 



88*90 

6 


! 

1 

34-77 t 

6 

Mn P 

1 

91-56 i 

1 


j 35*6 t 

! 5*5 

35-50 

4 



9210 ! 

6 ! 



! 

36-33 t 

5 


1 

92-47 | 

1 


it 


4200 

6 



9310 

6 

Ti 

! 42*7 f 

4 

42*58 

3 



94-20 

6 

j 

; 44*0 t 

1 

43*95 

5 


2 

9503 

2 

1 i 

1 47*3 f 

6 

47-20 

5 


4 

95*59 i 

4 

1 



4917 f 

6 


5 

96-20 

6 


50*4 t 

4 

50*33 

6 



96-69 

6 

Mn 

i 


50*76 

3 



97-68 

6 


52*2 f j 

0 

5208 

5 



9809 

6 


53*6 f j 

5 

53-56 

4 


4 

98-82 i 

4 


55*2 f ! 

5*5 

55-08 

5 



99-70 | 

6 


j 


55-44 f 

6 



1 



i 


57-77 f 

6 

Co? 


en 



63-5 f 

4 

63-42 

3 



OZ 





64-00 

6 

Cr P 

i 

01*22 

6 


66-7 t 

2 

66-72 

1 

Co ? 

3 

02*42 

2 




68-73 

6 

Co? 

5*5 

04*65 

4 

Cr 

69-7 t 

1 

69-65 

1 



05*17 

6 


70-5 t 

l 

70-43 

1 

Ca? 


06*13 f 

5 

Cr 



71-37 

6 



07*95 

6 


t 


72-28 

6 

(Ti or Cr) ? 


08*11 

6 


73-41 

4*5 

73-32 

4 


3 

08*72 

3 

Cr? 

73-6 J f 

4-5 

73-55 

3 



12*85 

6 

Co 

75-2 f 

6 

7512 

6 


4 

15*28 

4 




7619 f 

6 

Cr P 

4 

16*37 

3 


: 


77-80 

1 

6 
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Table I.—Comparison of Lines Photographed with those given by Kayser and 

Bunge—( continued). 


If 

jl 

Intensity. 

1 = strongest. 

M 

11 

43 
© 01 

5 « 

00 

w 

Intensity. j 

1 = strongest. j 

Possible origin. 

a g 

-2 S 

S3 

>! 
•*ts p 

GQ © 

g J 

-£> m 

3 ii 

f—l 

A 

Ed 

r§ S 
g# 

® OS 

« w 

Intensity. 

1 = strongest. 

Possible origin. 

62 


52 



63 


53 





78*95 

6 




44-64 

6 

Co? 



80 53 f 

5 

Co ? 



45*75 

6 

Cr? 

82-0 f 

4 

81*91 

2 




46-62 

6 


83-8 f 

3 

83*75 

1 




47-62 

6 

Co ? 



84-63 t 

6 




48*58 

6 

Cr? 



85*76 t 

6 


49-9 t 

5*5 

49*83 

4 




87-48 

6 

Cr ? 

53 6 t 

4-5 

53*53 

3 

Co? 

88-7 f 

G 

88*64 

4 

(T i or Mn) ? 



56*28 t 

6 




89*22 

6 




58*16 f 

6 




9107 

6 




59-97 

6 




92*78 

5 

CuP 



61-80 t 

6 

Ru? 



94 05 f 

5 

Pd? 

63-0 t 

6 

62-90 

5 

Co? 



94-63 f 

6 


65*1 t 

3 

65-02 

3 




95-41 f 

6 

Tip 

65-6 t 

6 

65*62 

4 




96*82 

6 

Cr 

67-6 f 

2 

67*60 

2 




98*91 t 

5 


70-2 t 

2 

70*09 

2 







71-7 f 

2 

71-62 

1 









7201 

6 


53 


53 



73-9 t 

55 

73-85 

4 


1 


00-25 f 

6 



i 

75-57 

6 


02-5 t | 

3 

j 02*46 

1 



| 

77-08 t 

5 

(Cn or W) ? 

) 


i 04-22 

6 

Cr? 



77-88 t 

5 

Co 



! 06-31 

6 




79-01 

6 


07-6 t 

5 

i 07-48 

3 


79-8 t 

5*5 

79-70 

4 




09*89 

6 


83 6 t 

2 

83'50 

1 




n*6i 

6 




85-63 

6 




13*44 

6 




86-63 t 

6 


15-3 t 

6 

1519 

6 




87*80 f 

6 

Cr? 

16-8 t 

5 

16-85 

5 

Go? 

89-7 f 

5 

8971 

4 



! 

19-24 t 

6 


91-7 t 

5 

91*75 

4 

Cu ? 



20-28 t 

6 


93-4 t 

3 

93-30 

2 




21-36 t 

6 




94-74 

6 

Mn? 

22-3 t 

G 

22-30 

5 




95*42 

6 




23*70 

6 


97-3 f 

2 

97-27 

1 


24-4 t 

1 

24*31 

1 


98-5 f 

6 

98-34 

5 




26-32 t 

6 

Co? 



99*65 

6 

Mn ? 

28-3 t 

1 

2815 

1 







28-7 t 

1 

28-50 

2 


54 


54 





28*94 

6 







30-2 + 

6 

30*15 

4 

Sr? 

00-7 t 

5 

00*60 

3 

Cr? 

331 t 

5 

3304 

3 




01-97 

6 

Co? 



35-25 

6 

Co? 



02-91 

6 




35-47 

6 


04-4 f 

2 

04*35 

2 




37-37 

6 


06-0 t 

1-5 

05*91 

1 


40-2 t 

3 

40*10 

2 




07*73 t 

6 

Mn? 

413 t 

3 

41*15 

2 

Mn? 



09*30 f 

6 




41-49 

6 




09*75 

6 

Cr 

43 6 f 

6 

43-62 

4 


111 t 

2 

11*13 

2 
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Table I.—Comparison of Lines Photographed with those given by Kayseb and 

Runge—( continued). 
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Wave-length 

(Lockteb). 

Intensity. 

1 = strongest 

Wave-length 
Kayseb & RTOG 

Intensity. 

1 = strongest 

Possible origit 

Wave-length 

(Lockteb). 

"if» 

A li 

A 3 

1! 

i-e 

£ p* 

S w 

f{ 

A || 

Possible origii 



'w' 








54 


54 



54 


54 





13-30 

6 


76*8 f 

3 

76-82 

2 


154 f 

1*5 

15-43 

1 


78-6 f 

6 

78-60 

5 



17-15 f 

6 


81-1 t 

4*5 

8106 

4 




18-66 

6 

Ti P 

81-6 t 

4*5 

81-62 

4 

(Mn or Ti) P 



20-52 t 
2216 

6 

6 

Mu 

83-3\. 

83-5} + 

S} 

83-28 

4 

Co? 

24*3 f 

2 

24-20 

1 




86-00 f 

6 



26T4 

6 


87*9 f 

4 

88*00 

4 




27-13 

6 


901 t 

6 

90*10 

6 




2803 

6 




91*98 t 

5 




2910 

6 


93*7 t 

6 

93*70 

4 


29 9 f 

2 

2974 

i 


94-7 t 

6 

94*62 

5 



31*82 

6 




95-75 

6 

| 



3315 

5 

Mn P 



96*92 

6 


34-7 t 

2 

34*66 

2 

: 



97*52 

3 



36-74 t 

5 


97-7 t 

3*5 

97-73 

6 




37-50 t 

6 

Co? 



97-96 

6 




38*51 t 
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Runge—( continued). 
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TABLE1. —-Compariaon of Lines Photographed with those given by Kayser and 

Burge—( continued). 
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Table I.—Comparison of Lines Photographed with those given by KaybEB sand 

Ruhge—( continued). 
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’ A^CSPBCTBCM OF BLECTBOLYTIC 1BQN, 

‘ ; ;T?ABJUB. L^CJoBafjariaoQ of Lines Photographed with those given by Kayser and 

Runoe—{ continued). 
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Table I. — Comparison of Linns Photographed with those given by KAYSEBand 

Purge—( continued). 
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• TuBle L—CbmparisoB of Lines Photographed with those given by Kavbee and 

Bunge—( continued). 
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1 





50-36 

5 




56*92 

0 
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XIX. On the Photographic Arc Spectrum of Iron Meteorites. 
By J. Norman Lockyer, C.B., F.R.S. 


Received December 22, 1893,—Read February 15, 1894. 


In a communication to the Royal Society in 1887,* I gave an account of certain 
experiments which I had made in connection with the spectra of various meteorites at 
various temperatures. The spectra were observed at the temperature of the oxy- 
hydrogen flame and the electric spark without jar, and when glowed in vacuum tubes. 
Some larger specimens of the iron meteorites, Nejed and Obernkirchen, cut so that 
they were of a size and shape suitable for forming the poles of an arc lamp, having 
afterwards been kindly placed at my disposal by the Trustees of the British Museum, 
it becamo possible to study the arc spectra of these meteorites under very favour¬ 
able conditions, all impurities introduced by the use of the carbon poles being thus 
avoided. 

The region of the spectrum photographed extends from K to T), in the case of each 
meteorite, and in addition to the solar spectrum, that of electrolytic iron, prepared 
by Professor Roberts-Austen, referred to in a previous communication, has been used 
as a comparison spectrum in one case. 

The photographs obtained are as follows :— 


(1) Nejed Meteorite. 

(2) Obernkirchen Meteorite. 

O >> >> . 

(4) Composite Meteorites on Nejed poles. 

(5) ,, ,, „ Silver poles (region 393 421) 


Comparison spec*tru m. 

Sun 

if 

Iron 

Sun 

Composite meteorites 
on carbon poles 


The instruments and arrangements used for photographing the spectrum were 
exactly the same as those which I have described in the case of the iron spectrum in 
the communication deferred to above. The spectrum was photographed in three 
sections, XX 39-42, 42-47, and 47-59. The photographic plates employed were also 

** ‘ Roy. Proc. Soo.,’ vol. 43, p. 117. 

14 1.95 
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similar to those used in the case of iron for corresponding regions, the first two 
sections being taken on the ordinary “ Mawson and Swan Castle Plates,” and the 
third on plates which had been stained with a solution of erythrosin. 

In the present paper, the first three series of photographs are discussed, the 
consideration of the composite meteorite spectra being reserved for a subsequent 
communication. 

The lines in the spectrum due to iron were found to agree so closely with those in 
the photographic arc spectrum of Electrolytic Iron, on which a paper was communi¬ 
cated to the Royal Society, in October 27, 1893, that all lines due to iron have been 
omitted from the tables, and only the lines due to other metals dealt with. The 
results are given in the appended table. The first column gives the wave-length of 
all the lines, other than those due to iron, which appear in the spectra, while the 
second, and third indicate the approximate intensities of the lines in the Obern- 
kirchen and Nejed meteorites respectively. The scale of intensities is such that 
1 represents the strongest, and 0 the weakest lines. 

In the fourth column are given the probable origins of the lines. The evidence for 
the origins of some of the lines rests on the new map of the spectra of the elements 
which is in progress at Kensington. 

The last column is reserved for occasional remarks. 


Geneml Conclusions. 

1. The spectra of the two meteorites agree very closely both as regards the 
number and intensities of the lines. The slight difference in the number of lines 
seen in the two spectra may be in all probability due to the difference in exposures of 
the plates. In the first section of the spectrum (X 390-421) the lines correspond 
exactly in number; in the next section (X 420-470) the spectrum of the Obern- 
kircheu meteorite was evidently under-exposed in relation to the other, so that it 
contains fewer lines; in the third section, the Nejed spectrum was relatively under 
exposed, and all the lines which are not common to the two in this region are absent 
from the spectrum of the Nejed. 

2. There is a very considerable similarity between the spectrum of the meteorites 
and that of the sun. The iron lines in the meteorites have the same relative 
intensity as those in the solar spectrum, and this is an indication that the tempera¬ 
ture of the iron vapour, in the most valid iron vapour absorbing region of the sun, is 
about the same as that of the electric arc. 

3. The results of the enquiry into the origins of the lines, in addition to those of 
iron, may be thus summarised :— 
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Substances certainly present. I Substances probably present. 


Manganese 

| Stroutium 

Cobalt 

j Lead 

Nickel 

| Lithium 

Chromium 

Molybdenum 

Titanium 

Vanadium 

Copper 

Didymiuiu 

Barium 

Uranium 

Calcium 

Tungsten 

Sodium 

Yttrium 

Potassium 

. Osmium 
Aluminium 


It is probable that the presence of the lines of copper in the arc spectrum of the 
meteorites is due to the fact that copper wire was used to bind the meteorites to the 
poles of the arc lamp. I have not yet had an opportunity of repeating the photo¬ 
graphs with specimens of the meteorites which have not come in contact with copper 
in this way, but observations of the spark and flame spectra of other portions of the 
same meteorite have not confirmed the presence of copper. 

4. Of the 43 lines in the tables for which no origins have been suggested, from the 
Kensington maps of metallic arc spectra, 29 are apparently coincident with lines 
mapped by Kayskii and Runue in the iron spectrum, but which do not appear in the 
Kensington photographs. These are indicated in the tables by the letters K. and Iv. 
(Kayskii and TIunue), in the column for remarks. 

As I pointed out in my paper on the Iron Spectrum, these are very probably due to 
iron, as no other origins have been determined for them, their absence from the 
Kensington photographs depending upon the short exposure necessarily given, as 
explained in the paper. Accepting these as due to iron, there are only 14 lines for 
which no origins have been found. Their wave-lengths are 3903 8, 3972'2, 3992'0, 
3993-2, 4010-3, 4030-5, 4037-3, 41327, 4171'2, 4495-8, 4551-4, 5099-y, 5510-2, 
5009 2. The two lines at wave-lengths 3903"8 and 3972"2 are apparently coincident 
with lines in Mr. McClean’s photograph of the spectrum of iron, but are not 
recorded by any other observer. All these lines are very feeble, and it is therefore 
probable that they may ultimately be found to be faint lines in the spectra of some 
of the metallic elements, when photographs with longer exposures are available. 

5. Bearing in mind the lengths and intensities of the lines, the qualitative 
spectroscopic analysis of the meteorites can be carried a step further, and we can 
roughly approximate to the relative quantities of the different substances present. 
Thus, it will be gathered by a reference to the tables, that the chief chemical difference 
between the two meteorites is that there is a preponderance of calcium in the Nejed 
meteorite, and of nickel, barium, and strontium in the Obernkirclien meteorite. 

The original negatives were taken by Sergeant Kearney, It.E.; the enlargements 

MDOCCXCIV. — A. 0 1* 
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have been made by Corporal Haslam, RE.; the reductions to wave-lengths have been 
made by Mr. Baxandall, and Mr. Fowler has checked the work generally, and has 
assisted in the identification of the lines. 

Lines due to other Metals than Iron in the Arc Spectra of the Nejed and 

Obernkirchen Meteorites.* 


Wave¬ 

length 

(Rowland). 

Inten- 
sity, 

Obern * 
kirchen. 

Inten¬ 

sity, 

Nejed. 

Origin. 

Remarks. 

i Wave- 
| length 
(Rowland). 

Inten¬ 

sity, 

Obern¬ 

kirchen 

Inten¬ 

sity, 

Nejed. 

Origin. 

Remarks. 

3905-7 

6 

| Absent 

Co? 


' 4038-0 

5 

! 5 

Mn ? 


3907-6 

6 

0 

Fe? 

K. and It. 

4041*5 

5 

! 5 

Mn? 


3925-3 

G 

i G 

Fe ? 

' K. and R. 

4045*2 

! 4 

! 4 

All! 


3934-0 

4 

o 

Ca 

K. line 

4047*5 

! 6 

; G 

K 


3938-2 

G 

G 

Fe? 

K.and R. 

4050 8 

G 

i G 

Cur 


3940 1 

6 

G 

Fe ? 

K andR. 

4052*8 

i 5 

j 5 

Fe ? 

K. and R 

3941-9 

G 

! o 

Co? 

; 

4054*3 

] G 

j G 

Yt? 


3944-2 

G 

6 

A1 ? 

: 

40G1-2 

1 G 

i G 

Di? 


3949-2 

C 

1 G 

Ti? 

, 

4002*1 

i G 

! 6 

(Pb or Mo) ? 


3954-8 

G 

Li 

Fe Y 

K. and R, 

4006*7 

♦) 

' 5 

Oh? 


3957-8 

Absent 

G 

Fe ? 

K. and it. 

! 4076 1 

G 

G 

Cu 


3958-5 

G 

G 

Fe ? 

K. and R. 

1 4076*4 

G 

! G 

Co? 


3961-6 

Absent 

5 

Al? 


! 4078 5 

3 

1 3 

Ti? 


3962-4 

(5 

G 

Fe? 

K. and 11. 

4070*4 

G 

! 6 

Mn 


3963-8 1 

G 

Absent 

Unknown 


4079*7 

6 

! G 

Mn 


3905-6 i 

C 

g 

Fe ? 

lv. and R. 

4081*0 

G 

G 

Cu? 


3908 5 ! 

Absent 

4 

Ca 

li line 

4083*7 

G 

G 

Mn 


3909 8 

5 

4 

Cr? 


4083*9 

G 

G 

Mn 


3972-2 ! 

G 

G 

Unknown 


4080*5 

0 

i 6 

Co 


3973 O 

6 

6 

Di? 


4090*2 

6 

G 

A! n ? 


3970-0 ! 

G 

1 G | 

Ain ? 


4091*1 

0 

i G * 

Fe ? 

K.and 1C 

3981-2 | 

G 

' 0 1 

Fe? 

K. and R. 

4092*5 

3 

! 3 

Co ? 


3991-3 ! 

G 

i Absent! 

Cr ? 


4099*9 

G 

G 

Di ? 

i 

39920 i 

G 

G i 

Unknown 


4110*5 

1 5 

i 5 

Co 

i 

3993 2 ! 

G 

G 1 

Unknown 

i 

i 

4112*5 

6 

G 

Y? 


3995-4 ! 

3 ; 

* i 

Co? 


4115*1 

G 

f (i 

V? 


4002-8 j 

6 


Ti : 


4118*0 

G 

* 6 

(V or W ; ? 

| 

4009-0 

G 

G j 

Ti or W ! 


4119 1 ; 

3 

1 3 

Co ? 


4010-3 1 

g : 

G i 

Unknown 


4119*6 ! 

6 

i G 

V? 

j 

40111 | 

G i 

G ! 

Cu ? 1 


4121*4 1 

3 

3 

Co 


4011-0 | 

(> ; 

G | 

Mn 


4130*2 

6 

1 G 

Fe? 

K. andR 

4011-8 

6 i 

G 1 

Fe ? , 

K. and R. 

4132*7 

5 

i 5 

Unknown 


4018-2 


4 ; 

Ain ? j 


4134*0 

5 

! 5 

Fe? 

K. and K. 

4019-2 

G ! 

G ! 

W? ! 


4136*7 

5 

5 

Fe? 

K. and It. 

4020-6 

G ! 

G i 

Fe ? 

K. and R. 

i 4140*6 

6 

6 

Fe? 

K. and R. 

4021-0 

G f 

G * 

Co ! 


4152*1 

G 

6 

Fe? 

K. and R. 

4022-9 

G 

G i 

Cu 


4158*6 

G i 

6 

Co? 


4020-0 ; 

6 i 

6 : 

U? 


4171*2 

G 

6 

Unknown 


4027-2 i 

G I 

G S 

Co 1 


4190*9 

G 

6 

Co 


4030-9 ; 

& 

r> 1 

Ain 


4198*8 

5 

5 

Fe? 

K. and li. 

4031*4 

6 

G 1 

Fe ? 

K. and R. 

4215*7 

4 

4 

Sr? 


4033-2 j 

G 

4 ! 

Mn j 


4226*9 

Absent 

6 

Ca 


4035 8 

G 

G *1 

Mn 1 

j 

4254*5 

3 

4 

Cr 


4036-5 

G 

6 

Unknown 

! 

4275*0 

4 

4 

Cr 


4037-3 

G 

G 1 

_1 

Unknown 

___! 

i 

4289*9 

5 

5 

Cr 



* K, and LI. signifies Kaiser and Hinge, 
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Lines due to other Metals than Iron in the Are Spectra of the Nejed and 
Obernkirchen Meteorites (continued). 


Wave¬ 

length 

(Rowland). 

Inten¬ 

sity, 

Obern- 

kirchen. 

Inten¬ 

sity, 

Nejed. 

Origin. 

Remarks. 

! Wave- 
! length, 
(Rowland). 

Inten¬ 

sity, 

Obern¬ 

kirchen. 

Inten¬ 

sity, 

Nejed. 

Origin. 

Remarks. 

4296-0 

Absent 

6 

(CV or Ti) ? 


4732-8 

5 

6 

Ni? 


43027 

6 

6 

Ca 


4749-8 

6 

6 

Co 


43001 

5 

Absent 

Ti 


4754-9 

5 

6 

Ni? 


4321 1 

6 

6 

Ti 


4750-7 

2 

4 

Ni or Co 

i 

43220 

6 

5 

Ti? 


4762-5 

5 

Absent 

Mn 


4331-8 

6 

4 

Ni? 


4704-1 

4 

0 

Ni or Co 

i 

43447 

5 

6 

Cr ? 


4792-7 

6 

Absent 

Co 

i 

i 

4359 8 

6 

5 

Cr or Ni 


4807-2 

4 

6 

Ni 


4425-6 

6 

(i 

Ca ! 

4808-8 

6 

6 

(Mn or Ti) ? 


443.V2 

6 

5 

I Oa 

4821-3 

6 

Absent 

Ni? 


4455-2 

A bnent 

6 

i M n 

i| 4829 2 

3 

0 

Cr P 


446 L-4 

Absent 

6 

Mu P 

4831-3 

3 

0 

Ni 


4462-2 

6 

6 

Mn 

4836-0 

6 

6 

Ti ? 


4462*6 

Absent 

5 

Ni P 

4838-7 

5 

0 

Mn ? 


4464 0 

6 

5 

Mn 1 

4840-5 

5 

! 6 

Co? 


4470 7 

4 

3 

Ni? 

j 4855*8 

2 

: 4 

Ni 


4472 9 

6 

5 

Mn 

! 4866-6 

3 

5 

Ni 


4490-3 

5 

5 

Mn 

4868-0 

6 

6 

Co 


4495-8 

6 

6 

Unknown j 

4873-7 

4 

6 

Ni 


4496-2 

<5 

6 

Ti ? I 

4878-3 

1 

i 

Ca? 


4512-9 

6 

6 

Ti i 

4885*6 

4 

5 

Ti? 


4522-8 

6 

6 

Ti? ! 

4904*6 

3 

o 

Ni 


45341 

Absent 

6 

Cop 


I 4914-1 

6 

Absen i 

Ti 


4540-9 

6 

Absent! 

Cr P 


49257 

6 

Absent (Ti or Ni) P 


4544*0 | 

6 

6 ' 

Co ! 

4934-2 

5 

5 

Ba 


4546 1 

6 

Absent 

FV P 

K. and R. 

4930-0 

4 

Absent 

Ni 


4547-2 

5 

5 1 

NiP 

4937*5 

6 

Absent 

NiP 


4549*6 

5 

I 

Ti? : 

4953-4 

5 

ti 

Ni ? 


4551-4 

6 

6 

Unknown 

4902-8 

3 

4 

Sr P 


45527 

5 

i 5 

Ti P 

4908-1 

6 

(i 

Si-? 


! 4554-2 

5 

5 

13a P ; 

4978-b 

6 

6 

Ti P 


4565 8 

5 

5 

Co ? 

4980-3 

4 

6 

Ni 


4587*3 

5 

4 

Cu ? ! 

4984-3 

3 ; 

3 

Ni 


4600-5 

4 

4 1 

Ni? 


498J-2 

5 ; 

6 

TiP 


4605-2 

2 

2 

Ni 

J 

4991-5 

r > 

6 

Ti P 


4606-4 

6 

6 

Fo? 

K. and R.i 

41)98*3 

6 i Absent 

NiP 


4616*3 

3 

6 

Cr 


o 

o 

o 

C 

Absent 

Ni 


4629-6 

6 

6 

Co? 


5007-4 

5 

6 

Ti P 


4646-3 

5 

Absent 

Cr P 


5017 8 

3 

6 

Ni? 


4648-9 

o 

2 

Ni 


50357 

2 

5 

Ni 


4652-3 

6 

Absent; 

Cr P 

5065-2 

3 ! 

5 

Ti ? 


4663-4 

6 

6 ; 

Co? 

I 50723 

6 Absent 

Ti P 


4664*0 

6 

6 ! 

Co ? 


5072*8 

6 

Absent 

Ci* P 


4682 1 

6 

6 ! 

Ti? 


50800 

2 

4 

NiP 


4686*5 

4 

4 

Ni 


5081*3 

4) 

4J 

Absent 

Ni? 


4698-6 

6 

6 

Ti? 


5099-5 

5 

Absent 

Unknown 


4701-2 

5 

5 

Mn? 


5100*1 

5 

Absent 

Ni 


4704-0 

5 

5 

Ni 


51057 

6 

6 

Cu ? 


4710-4 

4 

3 

TiP 


5115 0 

4 

6 

Ni - 


4714-6 

1 

1 

Ni? 


51275 

5 

6 

TiP 


47160 

3 

3 

Ni 


5129-4 

6 

6 

Ti 


4727-6 

4 

3 

Mn 

■ 

5129-6 

6 

i 

6 

Ti 



6 p 2 
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Lines due to other Metals than Iron in the Are Spectra of the Nejed and 
Obernkirchen Meteorites (continued). 


Wave¬ 

length 

(Rowland). 

Inten¬ 

sity, 

Obern¬ 

kirchen. 

Inten¬ 

sity, 

Nejed. 

Origin. 

Remarks. 

Wave¬ 

length 

(Rowland). 

Inten¬ 

sity; 

Obern¬ 

kirchen. 

Inten¬ 

sity, 

Nejed. 

Origin. 

Romarks. 

51372 

3 

4 

Ni 


55330 

6 

6 

Mo? 


5142-7 

3 

4 

Ni? 


5535-6 

3 

6 

Ba 


5146-7 

4 

6 

Ni 


55134 

3 

4 

Sr? 


5151-0 

5 

5 

Mn 


5567-6 

6 

6 

Mn? 


51521 

5 

6 

Ti 


5592-5 

4 

6 

Fe? 

K.andR. 

5156-0 

3 

« 

Ni 


5594-7 

o 

5 

Ca 


5159-3 

6 

6 

Cu 


5598-5 

3 

3 

Ca 


5177-4 

6 

Absent 

Ba? 


5600-4 

G 

6 

Fe? 

K. and R. 

51881 

6 

Absent 

UP 


5003-2 

2 

2 

Ca 


5204-7 

4 

6 

Cr 


5650-2 

5 

6 

Mo? 


5206-2 

4 

6 

Or 


5662-7 

2 

3 

Ti? 


5266-7 

i 

1 

Co? 


5069-2 

1 6 

Absent 

Unknown 


5270-5 

i 

1 

Ca? 

i 

5082-9 

4 

6 1 

Na 


5288-7 

(i 

Absent 

Ti or Mn 


5695-2 ! 

5 

6 

Ni? 


5298-5 

<> 

Absent 

Cr 


5098-5 

6 

Absent 

Cr? 


5316-8 

6 ! 

6 

Co ? 

i 

5715-3 

4 

6 ! 

Ti? 


5330-2 

5 

6 

Sr P 


5754-9 ! 

5 

i 6 i 

Ni? 1 


5341-3 

i ! 

1 

Mn? 


5780-8 ! 

6 

6 | 

(Mn or Or)?! 

j 

5353-6 

3 ! 

5 

Co? 

1 ! 

5782-4 • 

6 

6 i 

Cu 

1 

53630 

6 Absent 

Co? 


5785-5 ! 

6 

6 I 

(CrorTi)? I 

i 

5391-7 

4 ! 

6 

CuP 


57941 

6 

6 ! 

Fe? IC. and RJ 

5436-5 

6 

Absent 

Ni? 


58046 

6 

6 | 

Fe ? 

K. and It.' 

5481-6 

3 ! 

4 

(Mu or Ti)? 


5806-9 

6 

6 | 

Fe? ' 

K. audit. 

5483-3 

5 

6 

Co ? 

5815-0 

6 

Absent 

Fe? 

K. and It. j 

5510-2 

6 ( 

Absent 

Unknown 


5857-6 

6 

Absent 

Ca 

1 

5513-2 

(; I 

6 

Ti 


5890-0 

6 

- 5 

Na 1 

1 

5519-8 

6 

Absent 

Ba? 


58931 

6 

Absent 

Ni ) 

D lines 1 

5522-6 

6 

6 

Co? 


58961 

o i 

i 

5 | 

i 

Na j 

» 


In the above tables the wave-lengths are those corresponding to Howland’s second 
series of photographic maps of the solar spectrum. An origin stated without further 
comment signifies that there is a long line at that wave-length in the spectrum of the 
substance named; but when a ? is added the coincident line of the substance is not 
one of the longest. Coincidencies with lines of cerium have not been considered. 
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XX. Flame Spectra at High Temperatures .—Part II. The Spectrum of Metallic 
Manganese, of Alloys of Manganese, and of Compounds containing that Element. 

By W. N. Hartley, F.R.S., Professor of Chemistry, Royal College of Science, 

Dublin. 

Received April 25, 1894,—Read June 14, 1894. 


[Plate 14.] 

The Spectrum of Metallic Manganese. 

The spectrum of manganese obtained in various ways has been the subject of much 
investigation. Huggins, Thalkn, and Lecocq de Bojsbaudran have studied the 
spark spectra of manganese compounds; Angstrom, Thalkn, Cornu, Lockyer, 
also Ltveing and Dewar, the arc spectrum; Simmler, von Lichtenfels, Lecocq 
de Boisbaudran and Lockyer have investigated the flame spectra, while Marshall 
Watts has given us most accurate measurements of the wave-lengths of lines and 
bands observed in the spark and oxyhydrogen flame spectra of spiegel-eisen, 
manganese dioxide, and other compounds of this metal. 

An account of the spectrum of manganese obtained by the oxyhydrogen flame w r as 
prepared for insertion in Part I. of this research, but it was omitted for the reason 
that when investigating the spectrum of the Bessemer flame, I found it necessary to 
compare the spectrum of elementary manganese under different conditions with that 
of its oxide. Comparative experiments w'ere made with various alloys containing 
manganese, and with compounds of that substance ignited in the oxyhydrogen flame. 

The results showed that the alloys invariably gave a more distinct and extensive 
series of bands than the compounds containing the same proportion of manganese as 
the alloys. Moreover, the bands were always accompanied by lines, and the lines 
were stronger in the spectra of the alloys than in the compounds. The principal 
lines were always distinctly visible when the conditions were such that the bands 
could barely be seen. For instance, when the spectrum of spiegel-eisen was photo¬ 
graphed with a very short exposure, in fact by a mere flash of light, or when steel 
containing a very small amount of manganese was burnt in the oxyhydrogen flame 
and its spectrum photographed. The various materials used have been ferro¬ 
manganese, containing 80 per cent, of manganese, spiegel-eisen, containing 18 to 20 
per cent., silico-spiegel, containing 10 per cent, of silicon and 18 to 20 per cent, of 
manganese, pig-iron, composition undetermined, and Turton’s tool steel. 


15.1.95 
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Ferro-manganese yielded a very fine spectrum after an exposure varying from 15 
to 30 minutes, better in fact than any compound of that substance. It may thus be 
generally stated that manganese alloys containing iron yield a more distinctive 
spectrum of manganese than any compound containing the same proportion of that 
element. (See the upper spectra on Plate 14.) 

Metallic manganese, deposited on platinum by the electrolysis of a perfectly pure 
solution of the chloride, was heated in the oxyhydrogen flame for half-an-hour and its 
spectrum photographed. 

Pure manganic oxide was prepared from a solution of potassium permanganate by 
the action of alcohol and a small quantity of sulphurous acid. The precipitated 
oxide, washed and ignited, was heated on a support of kyanite in the flame of 
the oxyhydrogen blow-pipe for an hour and 20 minutes. It will be seen that as 
there is a considerable difference between 30 and 80 minutes in the exposure, a 
corresponding difference in the width and intensity of the bands common to the 
two spectra obtained from the metal and the oxide may be anticipated. Also bands 
invisible or barely discernible in the spectrum of the metal with 30 minutes’ exposure 
will, it is possible, be clearly defined after an exposure of the oxide for 80 minutes. 
The same spectrum as regards its leading features as that yielded by metallic 
manganese, was obtained by deflagrating a mixture of finely-powdered potassium 
permanganate and lamp-black. 


Manganese. 

Metallic manganese, deposited on platinum by the electrolysis of a perfectly pure 
solution of the chloride, was heated in the oxy-hydrogen flame for half an hour. 
References : F. and T., Fievez and Thaijsn ; V. and T., Vogel and Tjialkn ; 
L. pe B., Leoocq pe Boisbaudkan ; K. and R., Kayser and Runge; C.. Cornu. 


Description of Spectrum. 

i 

A. 

References. 

More refrangible edge of band, weak , . . 

17078 

5855 

5855’2, Pe, F. and T. 

Line, doubtful. 

17202 

5813 


it n . 

17242 

5800 

5800, Fe, F. and T., also 

More refrangible edge of very weak band, 

17350 

5704 

L. DF B. 

or a line. 




More refrangible edge of very weak band, 

174.)] 

5730 

Uncertain. 

or a line. 




More refrangible edge of very weak band, 

17508 

5712 

Uncertain. 

or a line. 




Edge of band, or a lino. 

17568 

5092' 


,, „ and apparently a line . . . 

1778G 

5022 

5023*5, Fe, F. and T. 

Strongest part of band. 

17863 

5598 

Edge of band Lazy . 

17886 

5591 

5591, Fe, F. and T. 
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Manganese—( continued). 



Lino, or less refrangible edge of band 
„ more „ 

Line ... . 


„ or edge of band. 

„ distinct, rather broad .... 

„ sharper and weaker. 

More refrangible edge of strong band 

Band . 

Edge strong .... . . . . 

Fine line. 

Edge of band doubtful. 


More refrangible edge of band coincident 
with solar line E. 

More infrangible edge of band . 


Line 


Strongest group of linos in the whole spec¬ 
trum. These appear as two bands very 
closely adjacent, or, in the manganese 
oxide spectrum, as one band with the 
centre reversed, the less refrangible edge 
of the band being very strong and sharp, 
the more refrangible being degraded and 
diffuse. The measurement in brackets 
indicates the apparent reversal, but is pro¬ 
bably the point of separation of two lines 
Uncertain measurement. 

Line 


doubtful . . 

weak, doubtful. 
feeble .... 
doubtful . . . 


L 


17950 

18000 

18077 

18180 

18255 

18298 

18365 

18390 

18510 

18548 

18620 

18642 

18703 

18815 

18973 

19100 

19235 

20702 

20870 

20998 

24605 

24656 

24094 

24742 

24773 

(24800 

24817 


I 25683 

! 25815 

, 25905 

! 25992 

i 20077 

I 

j 26132 
I 26150 

| 20202 

j 

i 26296 

27615 

27685 


A. 

References. 

5571 

5571-3, Pe, F. and T. 

5556 

5532 


5500 


5478 

5478, Fe, F. and T. 

5465 


544*) 

5446, Fe, F. and T. 

5438 

5402 

i 

j 

5391 

5392-3, Fe, F. and T. 

53705 

5364 

5370 6, Fe, F. and T. 

5347 

5315 

| 5316, Fe, F. and T. 

5270 

5209-5, Fe, F. and 1’. j 

5270-3, K. and R. ! 

5235 

5232 1, Fe, F. and T. 

5199 

5198*2, Fe, F. and T. 

5166 

5167, Fe, F. and T 

4830 

4791*5 

4831-8, Fe, F. and T. 

4762 

4761*3, Mn, Thaljsn, Ang- 


STROM. 

4uo4 

1062 9, Mn, Angsikom. 

4063, Fe, V. and T. 

4056 

40495 ; 

4048, Mn, Angstrom. 

4048*7, Mn, Cornu. 

40413 

1 4040-6, Mn, Angstrom. 

4036*5 

4034*9, Mn, Angstrom ; 
also Count. 

1032) 

/4032*9\ Mn, 

i \4031*8/Mn, Angstrom. 

1029 5 

4029*4, Mn, Angstrom. 

In some photographs thei e 


are four lines discernible 


here. In the spectrum 
from MnO<>, 40365 


widens out to 4037. 

3891 

3894*7, Fe, C. 

389575, Fe, K. and R. 

3874 


3860 

3859*3, Fe, C. 

3860*03, Fe, K. and it. 

3847 


3835 

3834, Fe, C. 

3834-37, Fe, K. and It. 

3827 


3824 

38241, Fe, C. 

3824-58, Fe, K. and R. \ 

3808 

3806*4, Cornu. 

3805, Fe, C. 

3803 


3764 


3621 

3620*6, Fe, C. 

3612 

f 
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Manganese—( continued). 


Description of Spectrum. 

1 

A ’ 

X. . 

References. 

Line, doubtful. 

27720 

3607-5 

3608-8, Fe, C. 

8608 99, Fe, K. and R. 

n a . .. 

27745 

3604 

8604-6, Fe, C. 

Fairly strong line. 

27800 

3600 

Line. 

27860 

3589 



27878 

3587 


„ weak. 

27945 

3578 


M . .. 

27962 

3576 


ii .. 

28008 

3571 



28028 

3568 

3568-9, Fe, C. 


28045 

3566 

3565-5, Fe, K. and R. 

„ doubtful. 

28075 

3562 

v. 

28175 

3549 


ii . 

28225 

3543 



28282 

3536 



28296 

3534 


.. 

28807 

3533 


„. 

28325 

3530*5 


». 

28330 

3529-5 


i). 

28350 

3528 


n. 

28366 

3525 


„. 

28375 

3524 


n.*. 

28445 

3515*5 


5 J . 

28455 

3514*5 


.. 

28462 

3513 

! 

1 J . 

28483 

3511 

i 

. .j 

28512 

3507 

i 

i 

. .j 

28545 

1 3503 

; 3501*8, Fe, C. I 

: I 

ii .'***•*•! 

28585 

; 3498 

ii . 

28595 

3497 

; 3496*8, Fe, C. 

n. 

28625 

3493*5 

... 

1 28693 

! 3485 

| i 

ii . 

j 28770 

1 

| 3476 | 

3476*1, Fe, C. I 

j 3476*75, Fe, K. ami R. 

ii . 

! 28790 

3473*5 

..| 

! 28800 | 

3472 



28814 

3470-5 1 

3470*4, Fo, C. 

ii .. 

28832 | 

3468 j 

3468, Fe, C. 


28842 j 

3467 

ii . 

28860 | 

3465 

3465*5, Fe, 0. 


28863 i 

3464*5 ! 


28892 

34G1 ! 

3461*5, Fe, C. 

. . 

28929 

3457 ! 

3457*8, Fe, C. 


28962 

3453 

3453*2, Fe, 0. 


29007 

3448 ! 

Edge of baud 1 

29055 

3442 

3441*07, Fc, K. and li. 

Solar line O. 

/ 29093 

34371 


/. 

\ 29118 

3434 / 


Line, nebulous . 

29148 

3431 



29245 

3419 



29258 

3418 



29280 

3415 

3415*5, Fe, C. 


29298 

3413 


29326 

1 3410 


..! 

29362 

i 

3406 
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The Spectrum Obtained by the Intense Ignition of Manganic Oxide. 

The pure oxide was prepared from a solution of potassium permanganate by the 
action of alcohol and a small quantity of sulphurous acid. The precipitate being 
washed and ignited was heated on a support of kyanite in the flame of the oxy- 
hydrogen blow-pipe. Exposure one hour and twenty minutes. A similar spectrum 
is obtained by deflagrating a mixture of finely-powdered potassium permanganate 
and lamp-black. For comparison iron lines are indicated as follows:—F. and T., 
Fievez and Thal^n ; V. and T., Vogel and Thal^n ; C., Cornu ; L. de B., Lecocq 
de Boisbaudran ; K. and It., Kayser and Runge. 


Description of Spectrum. 

1 

\ ‘ 

X. 

References. 

Less refrangible edge of hand, or a weak 

1 



nebulous line 

> •• 



More refrangible edge of weak band . . . 

i 



Less refrangible edge of narrow band 

17028 

5873 


More refrangible edge of band .... 

17070 

5856 

5858, L. dr B. 

5855-2, Fe, F. and T. 

A band appears to commence here.... 

17160 

5827 

More refrangible edge of weak band . . . 

17240 

5800 

5807, L. he B. 

5800, Fe, F. and T. 

„ „ stronger band . . 

17385 

5752 

5759, L. de B. 

>1 • 

17490 

5717 

5719, L. de B. 

V »» ■ 

17603 

5681 

5683, L. de B. 

Edge of band very indistinct. 

17705 

5645 

5644, Watts. 

„ „ like a line. 

Less refrangible edge of band. 

17787 

5022 

5623-5, F. and T. 

17835 

5607 

5607, Watts. 

More „ „ „ . 

17885 

5591 

5591, Fe, F. and T. 

More refrangible edge of last band of this 

17902 

5586 

5587, L. de B. 

series 




Less refrangible edge of weak band . 

17937 

5575 

5571*3, Fe, F. and T. 

Edge of band, doubtful. 

•• 

5474 

5473, L. de B. 

5473 6, Fe, F. and T. 

Nebulous line near edge of band .... 

18370 

5443*5 

54431, Mn, That,en. 

„ „ but sharper. 

18388 

5438 


More refrangible edge of band. 

18409 

5432 

5433, Watts. 

5432, Huggins. 

Less ,, ,, ,, . 

18425 

5427 

5427, L. dk B. 

Line on edge of band, strong. 

18500 

5405 

5406*6, Thai^n. 

Edge of band. 

; 

18518 

5400 

5398, L. de B. 

5399*9, Mn, Thal6n. 

„ „ and of this senes. 

18627 

5368*5 

5367, L. de B. 

Less refrangible edge of band, very feeble . 

18702 

5347 

5348, Mn, Huggins. 

More ,, ,y m »i 

18800 

5318 

5316, Fe, F. and T. 

„ „ ^ „ „ weak. Nearly 

coinoident with the Solar line E 

18970 

5271 

5269 5, Fe, F. and T. 
5270-43, Fe, K. and R. 
5269*65, Fe, K. and R. 

More refrangible, stronger edge of band, 
edges sharp of this and the next two 

19105 

5234 

5233 8 , Thal<n. 

5232*1, Fe, F. and T. 

bands. Degraded towards the red 



5198-2, Fe, F. and T. 

The same, stronger. 

19241 

5197 

„ weaker . 

19367 

5163 



6 Q 


MDCCCXCIV.—A. 
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Spectrum obtained by the Intense Ignition of Manganic Oxide—(continued). 


Description of Spectrum. 


More refrangible edge of band, weak 
»» »» >» »> 


n n 11 

Line on edge of band . . . 

Edge of band, very doubtful , 

ii « i> 

Line, strong, not very sharp . 


n n n ..... 

Band, very weak. 

Line, fairly strong, not very sharp . . 

More refrangible edge of band, weak . . 

n i, „ very weak 


ii ii 

ii ii 

>i ii 


doubtful . . 

fairly strong 


and sharp 

Moi*e refrangible edge of band, very weak . 


stronger 
sharp 
doubtful 
distinct . 


11 }! 11 11 ♦ • 
There are some imperfect edges of band at 
intervals extending to 

Three very doubtful lines, or edges of bands 

More refrangible edge of band. 

Line, nebulous, fairly strong, or edge of band 
„ „ but strong „ „ 

Nebulous line, weak. 

„ „ very weak. 

ii ii ii . 


Line, possibly a pair, fairly strong . . 

„ or edge of narrow fluting, sharp 


ii ii ii ii • • 

The above are both degraded slightly 
towards the more refrangible edge. 
Very strong band degraded towards the 
more refrangible edge. The band is more 
diffuse, stronger, and broader, at the 
lower part of the flame, 

Line, possibly a close pair, strong . . . . 

11 11 11 !?•••• 


I 

X* 


X. 


References. 


19780 

19927 

20095 

20263 


5055 

5018 

4976 

4935 


20423 


4890 


20605 

20710 

20875 

20935 

20965 

20998 

21055 

21293 

21476 

21740 

21857 


4853 

4828 

4790 

4776-5 

4770 

4762 

4749-5 

4696 

4656 

4600 

4575 


4831*8, Fe. 


4701*3, Mn, Thalen. 
•Bands of manganic oxide. 


22267 


22436 

22713 

232^3 

234o0 

23520 

23664 


4491 


4457 

4403 

4293 

4273 

4252 

4226 


4491, Mn, Angstrom. 

Band peculiar to manganic* 
oxide. 

4457*0, Mn, TiiaUw. 

Band peculiar to manganic 
oxide. 

4271 6, Mn, ThalGn. 

4227, Mn, Angstrom. 


24180 
24196 
24215 
24238 
24264 
24514 
24538 
24600 
24617 

24664 

24699 


24750 


4135 

4133 

4130 

4125-5 

4121 

4079 

4075 

4065 

4062 


4054*5 

4049 


4040 


I Band peculiar to manganic 
J> oxide. 

4132*15, Fe, K. and R. 


4079*6, Mu, Angstrom. 


4062*9, Fe, C. 

4063, Fe, V. and T. 
4054 3, Mn, Thaj«£n. 
4048 7, Mn, C. 

4048, Mn, Angstrom. 
4040*6, Mn, C. 

Also Angstrom. 


24770 

24845 


4037 

4025 


►Band of manganic oxide * 


25036 

25055 


3994 

3991 


3991*7, Mn, Lockver. 


* This band appears as two groups of lines, in ordinary steel and spiegel-eisen, when photographed 
with short exposure. The less refrangible group consists of three lines, the more refrangible of 
two lines. They are very sharp and distinct. The two groups become merged into two broad lines it) 
metallic manganese. 
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Spectrum obtained by the Intense Ignition of Manganic Oxide—(continued). 


Description of Spectrum. 

i 

\' 

X. 

References. 

Line, weak. 

2507 7 

3988 

3988, Mn, Angstrom. 

„ fairly strong. 

25682 

3894 

38947, Fe, 0. 

3895 75, Fe, K. and R. 

„ doubtful, very weak. 

25735 

3886 

3886*38, Fe, K. and Ii. 

TT tt it ...... 

25760 

3882 


TT T» TT ...... 

25785 

3878 


Fe, 3878-5. 

„ strong. 

25817 

3873 


„ doubtful, very weak. 

25844 

3869 


TT TT TT . 

25865 

3866 


„ or edge of baud, weak. 

25907 

3860 


3859-3, Fe, C. 

38603, Fe, K. and R. 

„ weak. 

26000 

3846 



26030 

3842 

3841 19, Fe, K. and R. 

„ stronger. 

26085 

3833-5 

3834, Fe, 0. 

3834-37, Fe, K. and R. 

„ still stronger . 

26151 

3824 


38241, Fe, C. 

3824-58, Fe, K. and R. 

„ doubtful, very weak. 

26250 

3809 


TT . 

26270 

3806*5 


3806-4, Cornu. 

Band weak, and with edges not well defined 

2G652 

3752 

l 

„ „ and very doubtful. 

26824 

3728 


3727*78, Fe, K. and R. 

Lino, or edge of band, very weak .... 

26875 

3721 


^Band of mauganie oxide. 

,, very weak . 

26915 

3715 


Very feeble band, edge . 

27250 

3670 

i 


Edge of band, very weak, doubtful . . . 

27314 

3661 

j 

* TT TT T> 

TT TT TT .... 

27604 

3623 

i 

* 

M 

Line, hazy, weak. 

27615 1 

3621 

j 

3620*6, Fe, C. 

TT TT . 

27685 

3612 


TT TT . 

27708 

| 3609 

3608-3, Fe, C. 

3608*99, Fe, K. and R. 

„ sharp, weak. 

27753 

3603 

3604-6, Fe, C. 

TT TT . 

27808 

j 3600 


„ very weak . 

TT TT .... . 

27870 

i 3588 


27880 

1 3587 


„ sharp, weak . 

27948 

! 3578 


„ „ stronger . 

27965 

, 3576 


„ „ fairly strong . 

28013 

3570 

6568-9, Fe, 0. 

3570-23, Fe, K. and R. 

More refrangible edge of band, very weak . 

28057 

3564 


3564*1, Fe, C. 

3565 5, Fe, K. and R. 

Band, very weak . 

/ 28080 
{ 28094 

3561*5 

3559*5 

1 

Line, or more refrangible edge of band, 

28143 

3553 


very weak 

Line, sharp, fairly strong . 

28183 

3548 


Two nebulous lines, vory weak. 

/ 28236 
{ 28254 

3541*5 

3539 


Line, very weak, sharp. 

28305 

3533 

3532 


„ stronger, sharp. 

28313 


„ still stronger, sharp. 

28330 

3530 


„ very weak, sharp. 

28339 

3528*5 


„ strong, sharp. 

28358 

3526 

3526-5, Fe, K. and R. 

„ weak, „ . 

28374 

3524 


„ very weak, sharp. 

28383 

3523 


Lines, equally weak and sharp. 

/ 28400 
l 28408 

3521 

3520 



(> y 2 
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Spectrum obtained by the Intense Ignition of Manganic Oxide—(continued). 


Description of Spectrum. 

1 

X ’ 

X. 

References. 

Line, very weak. 

„ fairly strong. 

28425 

3518 


28460 

35135 


„ weak. 

28467 

3513 


„ double, centre weak. 

28487 

3510 


,, stong, sharp. 

28520 

3506 

3501-8, Fe, C. 

„ very strong, sharp. 

The lines which follow are very weak and 
not in very sharp focus; the measure¬ 
ments, therefore, are less accurate. 

28552 

3502 


28590 

3498 



28600 

3496-5 

3496*8, Fe, C. 


28622 

3494 


28632 

34925 



28650 

3490*5 

3490-65, Fe, K. and R. 


28665 

3488-5 



28678 

3487 



28694 

3485 



28703 

3484 



28715 

3482-5 



28730 

3481 



28749 

3478-5 



28762 

3477 

3476 1, Fe, C. 

3476 75, Fe, K. and R. 

Fairly strong, a pair. 

/ 28774 

1 28787 

3475 

3474 

J 3475-52, Fe, K. and R. 

Weak, but Bharp. 

28807 

3471 


» t) ft . 

28820 

3470 

3470 4, Fe, C. 

Strong. 

28838 

3468 

3468, Fe, C. 

Very weak. 

28849 

3466 


Weak. 

28860 

3465 

3465-5, Fe, C. 

n ... 

28872 

3463-5 


Very weak. 

28883 

3462 

3461-5, Fe, C. 

W eak. 

28897 

3460*5 


Very strong. 

28935 

3456 

3457 8, Fe, C. 

Very weak. 

28978 

3451 

3453-3, Fe, C. 

... 

28994 

3449 


Sharp, less refrangible edge. 

29013 

3447 


Weak band, less refrangible the stronger 

29028 

3445 


edge 

Weak, sharp line. 

29038 

3444 


ft »j tt .. 

29059 

3441 

344107, Fe, K. and R. 
Coincident with Solar line O. 

»» ff M. 

29078 

3439 


Nebulous group of linos, very close together 

29096 

3437 


Edge of group. 

29125 

3433-5 


More refrangible edge of group. 

29156 

3430 


Very weak line .. 

29260 

3417-5 


Coincides with a solar line. 

29285 

3415 

3415*5, Fe, C. 

Very strong line. 

29302 

3413 


Very weak line. 

29323 

3410 


»> tt tt . .. 

29332 

3409 


Very strong line. 

29368 

3405 


29410 

3400 



29454 

3395 



29492 

3391 



29516 

3388 
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Manganic Oxide. 

The following measurements appear to belong to bands peculiar to the manganic 
oxide spectrum ; that it to say, on comparing the photographs of the spectra of 
metallic manganese and manganic oxide, they appear to consist of the same groups of 
lines and bands with the addition of these which at once strike the eye when the 
whole spectrum is viewed. Hence we may conclude that the spectrum obtained by 
intense ignition of manganic oxide consists of the bands and lineB due to the element 
manganese, with the addition of those bands which are due to the oxide of manganese. 


Ivory scale 
measurements. 

Description of Spectrum. 

1 

X* 

\ 

j 

r 06*5 

Band. 

21155 

47271 


i 

L 70*3 


21430 

4667 1 


j 

703 

Band. 

21430 

4667 1 


l 

75*5 


2X855 

4575 J 



r 75 5. 


21855 

45751 


j 

82'01 

Band 

Band, weak and not well defined 

22360 

4472 

Band with 

>► well-defined 
edges. 


82 7 ' 

22415 

4461 


^ 86 3 


22694 

4406 


J 

86'3 

Band. 

22694 

44061 


1 

97-5 


23490 

4257 


J 

1*7-, r > 

Band. 

23490 

4257 1 


i 

1 1090 

A sharp line on this edge. 

24274 

4120 j 



There is a continuous band of rays extending to 

.. 

3424 



r 148*5 

Band, weak, and with edges not 

26652 

3752 

i 


l 154 0 

well defined 

26930 

3713 

r 


f 160 

A very feeble narrow band. 

27250 

3670 ■ 

i 


[ 161 

27304 

3662 

f 


r no 

Narrow band. 

24917 

4013 1 

i 


[ 119 5 

. . . . 

24950 

4008 

( 


1<H 

Band degraded towards the less 

27304 

3662' 

i 


107 

refrangible edge 

27615 

3621 

i 


There are also the following narrow bands, or flutings, to be noted, not observable 
without a magnifier. 


Ivory scale 
measurements. 

Description of Spectrum. 

1 

\ 


\ 

f 115*5 

Sharp edge of narrow fluting. 

24699 

4049' 


1 116*3 

M >5 ...... 

Both are degraded towards their more re¬ 
frangible edges 

24732 

4043 1 

j 

\ 

J 151*0 

Fine sharp lines, apparently the edges of 
flutings 

26783 

37341 

L 

1153*3 

26903 

i 

3717 J 

i 


A broad diffuse band, which is to be seen on the Bessemer flame spectrum between 
M and N of the solar spectrum, belongs apparently to manganic oxide. There is one, 
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also overlying M, which is not visible, probably on account of the strong group of iron 
lines at this point. There is also a weak band beyond N, seen as diffused rays in the 
Bessemer spectrum, but which appears as two groups of very line lines in the 
manganic oxide spectrum. 

The following is a list of 87 lines and edges of bands which are common to the 
spectrum of metallic manganese and that obtained from manganese dioxide. The 
spectrum of the metal received only half-an-hour’s exposure, that of the oxide an 
hour and twenty minutes. The bands of the one may be a little wider than those of 
the other owing to the longer exposure. The intense ignition of the oxide certainly 
causes its dissociation. It will be noticed that many lines have been measured as 
iron lines by Fievez and Thal^n, Vogel and Thal^n, Kayser and Runge, and by 
Cornu. Some of these are unquestionably manganese lines, others may closely 
approximate, or coincide, in wave-length with iron lines. It is quite certain, after 
careful examination, that the photographs of the manganese spectrum, whether 
obtained from the metal or the pure oxide, contain no iron lines, since all the principal 
lines of this element are absent. 


List of Lines and Bands Common to the Spectra Obtained from the Metal and from 

the Oxide of Manganese. 


Manga- 

Description of Spectrum, with Lines 

Manga¬ 

nese 

Description of Spectrum, with Lines 

nose. 

X. 

observed in other Spectra. 

dioxide. 

X. 

observed in other Spectra. 

5855 

Fe, 5855*2, Fieyez and ThalGn 

5856 

Fc, 5855*2, Fievez and Thal£n 

5800 

Fe, 5800 Fievez and Tiial6i\ 

5800 

Fe, 5800, Fievez and Tiial£n 

5712 

m.r. edge of weak band 

5717 

m.r. edge of band 

5622 

Edge of band and apparently a line 

5622 

Edge of band like a lino 


Fe, 5623*5, Fievez and ThalGn 


Fe, 5623*5, Fievez and Thal£n 

5591 

Edge of band, hazy 

5591 

m.r. edge of band 


Fe, 5591, Fievez and Thal£n 


Fe, 5591, Fievez and Tiial6n 

5571 

Line or l.r. edge of band 

5575 

l.r.'edge of weak band 


Fe, 5571*3, Fievez and Thal£n 


5478 

Line 

5474 

Edge of band, doubtful 


Fe, 5478 


Fe, 5473*6, Fievez and Thal£n 

5445 

Line, distinct, rather broad 

5443*5 

Nebulous line near edge of band 


Fe, 5446, Fievez and Tkal£n 


Fe, 5446, Fievez and Thal£n 

5438 

Line, sharper and weaker 

5438 

Nebulous line, but sharper 

5402 

Edge of strong band 

5405 

Line or edge of band, strong 

5391 

) Fe, 5392, Fievez and Thal£n 
> Band 

5400 

1 

>Band 

5370*5 

) Edge strong 

5368*5 

J Edge of band and of this series 


Fe, 5370*6, Fievez and Thalkn 


5347 

5315 

) Edge of band, doubtful 

' 

5347 

5318 

) l.r. edge of band ) * , » 

} m.r. edge of band } feuMo 


Fe, 5316, Fievez and Thal£n 


5270 

m.r. edge of band 

5271 

m.r. edge of band, weak 


Fe, 5269*5, Fievez and Thal£n 


Nearly coincident with E 


Coincident with E 
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List of Lines and Bands Common to the Spectra Obtained from the Metal and from 

the Oxide of Manganese—(continued). 


Manga¬ 

nese. 

Description of Spectrum, with Lines 

Manga¬ 

nese 

Description of Spectrum, with Lines 

observed in other Spectra. 

dioxide. 

\. 

observed in other Spectra. 

5235 

m.r. edge of band 

5234 

m.r. edge of band 

5199 

if n n 

5197 

» ii i» 


Fe, 5198*2, Fievkz and Thal6n 



516G 

m.r. edge of band 

5163 

ii ii ii 


Fe, 5167, Fievkz and Tiial£:n 



4830 

Line 

4828 

Line, strong, not very sharp 


Fe, 4831*8, Fievez and Tiiat^h 


4791*5 

Line 

4790 

ii n ii ii 

4762 

»• 

4762 

fairly strong, not very sharp 
Nebulous line, very weak 

4064 


4062 


Fe, 4063*63, Kayser and Runge ; 


4062*9, Cornu 


Fe, 4063, Vogel and ThalIsn 


4063*03, Kayser and Runge 

4056 

Line 

4054*5 

Line, possibly a pair, fairly strong 

4049*5 

m 

4049 

„ or edge of narrow fluting 

4041*3 


4040 

ii ii ii ii 


Fe, 4041*44, Kayser and Runge 


4041*44, Fe, Kayser and Runge 

4036*5* 

4032 

4029*5 

'‘Strongest group of lines in the 
whole spectrum 

< 4035*76 Fe, Kayser and Runge 

4033 16 Fe, 

4030*84 Fe, 

4037 

4025 

Very strong band, degraded towards 
! the red. Band more diffuse, 

| stronger, and broader at the 
lower part of flame 

3894 

Uncertain line 

3894 

Line, fairly strong 


Fe, 3894*7, Cornu 

Fe, 3895*75, Kayser and Runge 



3874 

Line 

3873 

„ strong 

3860 


3860 

„ or edge of band, weak 


Fe, 3859*3, Cornit 

Fe, 3860*03, Kayser and Runge 



3847 

Line 

3846 

„ weak 

3835 

n 

3833*5 

„ stronger 


Fe, 3834, Cornu 

Fe, 3834*37, Kaysf.r and Runge 



3824 

Line 

3824 ; 

„ still stronger 


Fe, 3824*1, Cornu • j 

Fe, 3824*58, Kayser and Runge j 



3808 

Line 

3809 

„ doubtful, very weak 

3803 

„ doubtful 

Fe, 3805, Cornit 

3806*5 i 


3621 

Line, feeble 

3621 

„ hnzy, weak 


Fe, 3620*6, 3617*8, Cornu 

! 

3612 

Line, doubtful 

3612 

ii n ii 

3607*5 

9* If 

3609 

?i n ii 


Fo, 3606*0, Cornu 


Fe, 3608*3, Cornu 

3604 

Line, doubtful 

Fe, 3604*6, Cornu 

Line, fairly strong 

3603 

Line, sharp, weak 

3600 

3600 

ii ii ii 

3589 

„ very weak 

3588 

„ very weak 

3587 


3587 

ii ii >i 

3578 

„ weak 

3578 

„ sbarp, weak 

3576 

>9 

3576 

„ „ stronger 


* There are undoubtedly four lines here, but two of them are very close together, so that only at the 
extreme points can four lines be counted. 
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List of Lines and Bands Common to the Spectra Obtained from the Metal and from 

the Oxide of Manganese—(continued). 


Manga- 

Description of Spectrum, with Lines 

Manga¬ 

nese 

Description of Spootrum, with Lines 

X. 

observed in other Spectra. 

dioxide. 

X. 

observed in other Spectra. 

3571 

Line 

3570 

Line, sharp, fairly strong 


Fe, 3568*9, Corn it 

Fo, 3570*23, Kayser and Runge 



3566 

Line 

3564 


m.r. edge of band, very weak 


Fe, 3564*1, Cornu 

Fe, 3565*5, Kayser and Runge 




3562 

Line, doubtful 

3561*5 

3559-5 

i 

j 

► Band, very weak 

3549 

n 

3548 

Line, sharp, fairly strong 

3543 


3541-5 

Nebulous line, very weak 

3536 


3539 

ii ii ii 

3534 


3533 

Line, very weak, sharp 

3533 

i» 

3532 

„ stronger, sharp 

3530*5 


3530 

„ still stronger, sharp 

3529-5 

»» 

35*28*5 

„ very weak, sharp 

3528 




3525 

»> 

3526 

„ Rtrong, Hharp 


Fe, 3526*51, Kayser and Runoe 



3524 

Line 

3524 

,, weak, sharp 

3513 


3513 

ii ii 

3511 


3510 


„ double, centre weak 

„ strong, sharp 

3507 

I 

« 

3506 


3503 


3502 

„ very st rong, sharp 


Fe, 3501*8, Cornu (reversed) 



3498 

Line 

3498 

l 



Fe, 3496*8, Cornu 

Fe, 3497*92, Fe, K. and R. 




3497 

Line 

3496-5 : 



3493-5 


3494 



3485 

J 

3485 



3476 

j? 

3475 




Fe, 3476*1, Cornu (reversed) j 




3473-5 

Line j 

3474 



3472 

i 

ii i 

3471 


Lines very weak and not in very 
sharp t‘< cus or hazy lines 

3470-5 

! 

ii 

3470 


3468 

Fe, 3468, Cornu (reversed) 

3468 



3467 

3466 



3465 

Fe, 3465*5, Cornu 

3465 



3464-5 

3463-5 



3461 

Fe, 3461-5, „ 

3462 



3457 

Fe, 3457 8, „ 

3456 



3453 

Fe, 3453-3, „ 

3451 



3448 


3449 



3442 


3441 


Solar line 0 




3441*07, Fe, Kayser and Runge 

3437 

Edge of band 1 

/ 3437 

Nebulous group of lines very close 

3434 

„ I 

{ 3433-5 

together 

3431 

Line, nebulous 

3430 

m.r. edge of group 

3419 

3418 

n n ^ 

3417*5 

Very weak line 

3415 

ii 

3415 

Line coincides with with a solar line 


Fe. 3415-5. Cornu 



3413 

Line 

3413 

Very strong line 

3410 j 

>1 

3410 

„ weak line 
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Introduction and Historical Notes. 

It is well known that the flame which issues from the mouth of the converting 
vessel used in the manufacture of steel by the Bessemer process has a very peculiar 
character; in the first place it is intensely luminous, and of a singularly greenish- 
yellow hue at one phase of its existence, but subsequently the tint of the flame is 
amethyst coloured. 

In February, 1863 , Sir H. E. ItoscoE (‘Literary and Philosophical Society of 

mbcccxoiv.—a. 6 it 
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Manchester Proc.,’ vol. 3, p. 57) stated that he had been engaged during the 
previous year in an interesting examination of the spectrum produced by this flame, 
and had observed a complicated but characteristic series of bright lines and dark 
absorption bands. The well-known sodium, lithium, and potassium lines were most 
conspicuous among many other lines of undetermined origin. In a lecture delivered 
at the Royal Institution (May 6th, 1864) he described the Bessemer flame spectrum 
more fully, and pointed out the existence of lines which he believed to be due to the 
elements carbon, iron, sodium, lithium, potassium, hydrogen, and nitrogen. These 
observations led to the discovery that the exact point of decarburization of the metal 
could be determined by means of the spectroscope with much greater exactitude than 
from the mere appearance of the flame, and for determining the point at which it was 
necessary to stop the blast this instrument was in constant use at Sheffield in 1863, 
and was introduced into the steel works of the London and North-Western Railway 
Company at Crewe (‘ Phil. Mag.,’ vol. 34, p. 437, 1867). 

F. Koiin, in a lecture (‘ Dingler’s Poly tech. Journal,’ vol. 175, p. 296) delivered in 
1864, on recent improvements in the Bessemer process, stated that endeavours to 
make spectrum analysis applicable to the Swedish process had not led to any useful 
result. Tunner, in 1865 (‘Dingler’s Polytech. Journal,’ vol. 178, p. 465), stated 
that up to the close of the previous year the observations of the flame and sparks 
issuing from the converter and test pieces of the metal, gave better indications than 
spectrum analysis. In 1867, Lielegg made observations on the spectrum of the 
Bessemer flame at the works of the Imperial Southern Railway at Gratz (‘ Sitzungs- 
berichte der Kaiserl. Akademie der Wissenschaften,’ Vienna, vol. 56, Part II., June), 
which led to the practical application in Austria of the use of the spectroscope to the 
control of the Bessemer process. The spectrum, as described by Lielegg, consists of 
the vapours of sodium, potassium, and lithium, with that of the flame of carbonic 
oxide. Accompanying the latter gas is nitrogen, but no spectrum of this gas appears, 
nor could any spectrum of it be obtained by burning compounds which did not 
contain nitrogen, along with atmospheric air. It was also shown that though carbon 
spectra are obtained by burning hydrocarbons and cyanogen, with air or oxygen, yet 
carbonic oxide yields no such spectrum. Carbonic oxide was found to yield only a 
continuous spectrum when burnt with air or oxygen, or even with nitrous oxide. No 
dark or bright lines were visible. It was represented that the bright lines in the 
Bessemer flame must result from the much higher temperature which is produced 
by combustion of the heated gas at the mouth of the converter, than when laboratory 
experiments are performed with the same gas. 

The spectrum as it occurs in the “ boil,” and up to the end of the “ fining ” period, 
was described as follows. The figures are arbitrary scale measurements :— 
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Red potassium line. 

Red lithium line. 

Group of three narrow red lines, of which the first and third are well seen. 
Yellow sodium line. 




Group of three greenish lines, of which the third (184) is the brightest and always 
appears first; sometimes the space between 199-195 filled with greenish-yellow 
lines. 

Group of three pea-green lines, the third (171*5) is the brightest and the first to appear. 


Group of four greenish-bine lines, of equal or similar brightness. 


Groups of four equally bright blue lines. 

End of a group of many blue lines equally separated from each other, which are closely 
adjacent to the foregoing group. These lines are much weaker, and can always be 
observed. 

The edges of a group of blue-violet double lines, which first make their appearance in 
the “fining” stage, but not always markedly. 

Clearly defined blue-violet lines; it appears first in the “fining” stage simultaneously 
with the group preceding it (81 and 67). 

Violet potassium line. 


(2.) Bright violet lines. 


The groups /?, y, 8, and e are not composed of lines but bands, and together with 
the lines at t) are characteristic of the Bessemer “ blow.” Especially are the following 
three lines conspicuous : 184 of the group /3, 171'5 of group y, and the violet 17 ( 2 ); 
they are the most sensitive, and they appear in the spectrum when carbonic oxide enters 
into the flame, indicating the commencement of the second period, as also their vanish¬ 
ing at the end of the process allows of the complete decarburization being recognised. 
That the lines from 113 to 41 belong to carbonic oxide could not be determined with 
equal exactitude, though it appeared to be probable. Many bright lines undeter¬ 
mined and several dark bands supposed to be due to absorption were noticed which 
had, however, no practical interest. Lielbgo described the changes in the spectrum 
at different stages of the process. It is to be noted that, he attributes the bands, or 
lines as he terms them, to carbonic oxide. 

Mabsttat.t. Watts, in 1867 (‘Phil. Mag.,’ vol. 34, p. 437), communicated an 
account of a lengthened examination of the Bessemer spectrum made at the works 
of the London and North-Western Railway, at Crewe, which had extended itself 
into an inquiry into the nature of the various spectra produced by carbon compounds. 

6 R 2 
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It was noticed that after lines of the alkali metals had become visible, an immense 
number of lines were seen, some as fine bright lines, others as intensely dark bands. 
Striking evidence was afforded of the cessation of the removal of carbon from the 
iron by the disappearance of nearly all the dark lines and most of the bright ones. 
The spectrum was stated to be remarkable from the total absence of lines in the 
more refrangible portion; it extended scarcely beyond the solar line 6 s . It was 
found indispensable that the spectrum should be actually compared with the spectra 
of the elements sought for. The spectrum of the Bessemer flame was accordingly 
compared with the following spectra :— 

(1.) Spectrum of electric discharges in a carbonic oxide vacuum. 

(2.) Spectrum of strong spark between silver poles in air. 

(3.) Spectrum of strong spark bet ween iron poles in air. 

(4.) The same in hydrogen. 

(5.) Solar spectrum. 

(G.) Carbon spectrum, oxy-hydrogen blow-pipe supplied with olefiant gas and 
oxygen. 

The coincidences observed were very few and totally failed to explain the nature 
of the Bessemer spectrum. 

The spectra of neither carbon, nor of carbonic oxide,* appeared in the Bessemer 
flame, either as bright lines or as absorption bands. Three lines were traced to iron 
and a dark absorption band in the red, due to hydrogen (line C), was visible more 
particularly in wet weather. 

J. M. Silliman (‘ Phil. Mag.,’ vol. 41, p. 1) pointed out that the progress of the 
decarburization in the Bessemer process is determined chiefly by the appearance of 
the smoke, flame, and sparks emitted from the converter, and that owing to the 
rapidity with which the changes takes place it is highly important to catch the exact 
moment when the blast should be turned off. The colour and brightness of the 
stream of gas issuing from the converter when observed by an experienced eye, 
generally give a sufficient indication, but when pig iron of a highly manganiferous 
character is used, this determination is very difficult; even those who had had much 
experience made frequent mistakes, and found it impossible to produce the same 
quality of metal at every operation. 

Mr. Rowan, of the Atlas Works, Sheffield, made use of coloured glasses, two of 
ultramarine blue and one of dark yellow, by which the eye was greatly assisted and 
the termination of the process rendered unmistakeable. 

Though Lielegg first recognised the fact that the spectrum of the Bessemer flame 
was not the spectrum of carbon, nor entirely that of carbonic oxide, which gives a 
continuous spectrum, it was Brunner in 1868 who first expressed the view that the 

* It does not appear that Watts examined the flame of carbon monoxide burnt with air or with 
oxygen. 
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spectroscope cannot be considered as a practical indicator of the decarburization in the 
Bessemer process, because the lines of the Bessemer spectrum do not belong to 
carbonic oxide or to carbon, but to manganese and other elements in the pig-iron 
(‘ Oesterreichische Zeitschrift fUr Berg- und Hiitten-wesen,’ vol. 16,1868, pp. 226, 228). 

Next, von Lichtenfels (“ Ein Beitrag zur Analyse des Spectrums der Bessemer- 
flamme,” ‘ Dingler’s Polytech. Journal,’ vol. 191, pp. 213, 215) remarked that the 
nature of the several green and blue groups of lines seen in the Bessemer spectrum 
was not known : they had been attributed to various substances, but with no 
certainty as to their identity. Simmler had described the spectrum of manganese as 
consisting of four broad green bands and a violet line lying near to the violet 
potassium line (‘Zeitschrift fiir Analytische Chemie,’ 1862); and von Lichtenfels, 
examining the spectrum of manganous chloride dissolved in alcohol, found the green 
bands to be composed of groups of lines, the constituent rays of which corresponded 
exactly with the constituent lines in the groups of the Bessemer spectrum. He 
concluded that the groups of green lines seen in the Bessemer spectrum belonged to 
manganese. 

J. Spear Parker made a number of observations at the works of Messrs. Charles 
Cammell and Co., of Sheffield (‘ Chemical News,’ vol. 23, p. 25) with coloured glasses 
and with the spectroscope. He was unable to confirm Lielegg’s statement that the 
Bessemer spectrum could be seen when the converter was merely being heated. He 
thought the spectrum could not be attributed to manganese as it had been, and was 
of opinion that the most characteristic portion of it would be found to be owing to the 
presence of carbon in some form. 

Kupelwieser, in a special lecture delivered at the Berg-Akademie at Leoben on 
the application of the spectroscope to the Bessemer process, quotes Lielegg’s observa¬ 
tions, and assigns reasons for believing his conclusion to be correct when he attributed 
the Bessemer spectrum to carbonic oxide. The lines belonging to carbonic oxide first 
make their appearance when the temperature of the converter has become greatly 
elevated and the carbon of the pig-metal commences to burn ; they remain throughout 
the second and third periods until complete decarburization has taken place. They 
are brightest when the temperature is highest, and they vanish somewhat quickly 
along with the combined carbon, while they reappear when a proportion of molten 
pig-iron is added to the blown metal. The same lines are stated by Kupelwieser to 
be visible, though not so conspicuously bright, when a converter is being heated with 
coke. Also when slag and metal are drawn oft' from the tap-hole of a blast furnace 
he had observed the carbon monoxide spectrum. By means of a Sefstrom’s furnace 
he obtained spectra with the a, /3, and y groups in Lielegg’s carbonic oxide spectrum 
(‘Oesterreichische Zeitschrift fiir Berg- und Hiitten-wesen.’ p. 59, 1868, No. 8). 

Brunner pointed out that the spectrum of carbonic oxide is not a line spectrum 
but a continuous band of rays, though Lielegg believed the difference in the 
Bessemer spectrum is caused by the higher temperature of the latter; only old 
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converters show the green group y when being heated with coke, one with a new 
lining never does. The green lines of manganese he believed to be the constituents 
of the groups y8 and y of Lielegg’s so-called carbonic oxide spectrum and also the 
violet line of manganese, the line 17 , attributed to carbonic oxide. 

The dame from the tap-hole of a blast furnace could display the same spectrum as 
that of the Bessemer flame just as well if the spectrum be composed of lines of 
manganese and iron as if they were due to carbonic oxide. At the request of 
Kupelwikser, Schoffel analysed the fume which rises from the neck of a converter 
during the “fining” period and found it to be a manganese and ferrous silicate. 

Si0 2 = 34-86 
MnO = 48-23 
FeO =16-29 

99-38 


This is an indication of manganese and iron being concerned in the formation of the 
spectrum (‘ Oesterreichische Zeitsch.,’ No. 29, p. 227, 1868). 

The investigation, carefully and laboriously carried out by Dr. Marshall Watts, 
led him to the conclusion that the lines visible in the Bessemer-flame spectrum are 
mainly due to manganic oxide, not to metallic manganese, as had been stated, nor to 
carbon. When manganese chloride, carbonate, or oxide, such as the mineral 
pyrolusite, is heated in the oxyhydrogen flame, a very brilliant banded spectrum is 
obtained which is for the most part coincident with the Bessemer spectrum. 

Observations were further made on the spectrum of the flame obtained on adding 
spiegel-eisen to Bessemer metal, on the temperature of the flame at different stages 
in the process, and on different spectra obtained by the employment of different kinds 
of iron. 

Accurate determinations were made for the first time of the wave-lengths of lines 
observed in the spectra of the Bessemer flame of spiegel-eisen, and of manganese 
dioxide. 

The fact that six lines of iron were present in the Bessemer spectrum was estab¬ 
lished, and considered to be a proof that iron may exist as vapour at a temperature 
below its melting-point, since certain experiments led to the conclusion that the 
Bessemer-flame was not hot enough to melt wrought-iron. 

This work of Marshall Watts is the most exhaustive investigation of the subject 
that has up to the present appeared. In 1874* Greiner observed in the flame from 
highly manganiferous pig-iron the spectrum of manganese as figured by Wedding. 

During the meeting of the British Association, at Sheffield, in 1879, I made a 
short examination of the Bessemer flame with a small direct vision spectroscope, at 
the works of Messrs. Brown, Bayley, and Dixon ; I also examined the flame of 

* * Revue TJmverselle,’ vol. 35, p. 623,1874. 
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spiegel-eisen. This examination convinced me that the banded spectrum of carbon 
is never visible, and that the bands which are seen in the spiegel spectrum possess a 
feature which distinguishes them in a striking manner from the bands of carbon, 
namely, they are degraded towards the red, the carbon bands being degraded towards 
the blue. This had already been noticed by Watts. 

Description of the Instrument used and the method of observing and photographing 

Spectra of the Bessemer Flame. 

In 1882 I devised an instrument for meeting the requirements of a series of 
observations to be made at steel works, particularly for studying the spectra of 
flames, and the heated gases of open-hearth furnaces. It was desirable that it should 
give a fair amount of dispersion at the less refrangible end of the spectrum, be rigid 
and portable. A train of four quartz prisms was at first arranged on a table and 
stand made entirely of wood, to which a camera was fitted, with a rack and pinion 
movement to the frame holding the dark slide, so that several spectra could be 
photographed on one plate. Various trials with this mounting showed that owing to 
the stand being too light, the instrument was unsteady. In 1887 the quartz train 
was mounted on a heavy tripod stand. The prism table was fixed to the pillar of the 
stand by a winged screw joint and counterpoised, so that it could be placed in almost 
any required position. The camera was of metal, with an eye-piece behind the frame 
for the dark slide, so as to make it available for observations with the eye, for which 
it is peculiarly well adapted, owing to the observer having the flame behind him, and 
therefore he is not embarrassed by the glare. In the circular box at the end of the 
camera the dark slide can be fixed at any angle, as it is rotated by means of 
a toothed wheel. The collimator and telescope or camera are fitted with a scale 
of millims. on the draw-tubes, so that both the slide and photographic plate may be 
drawn out so as to be equi-distant from the lenses for the purpose of focussing 
correctly. The camera can be clamped, and its exact position determined by means 
of a divided arc on the prism table. A telescope with a photographic scale, which is 
reflected from the face of that prism which is nearest to the lens in the camera, has 
been found useful. The prisms move automatically with the camera, in order to 
secure the minimum angle of deviation for the mean rays photographed. A frame¬ 
work in front of the slit, and fixed to the prism table, carries a condensing lens of 
three inches focus. Latterly, a condenser with two cylindrical lenses crossed at right 
angles has been in use, a device which was described in a letter to the author by 
Herr Victor Schumann. It has the advantage of giving a very sharp image of the 
lines, but it was not employed at Crewe, or at Dowlais, owing to the fitting being a 
delicate one, the adjustment requiring care, and the necessity which occasionally 
arises for cleans in g the condensing lenses from time to time from dusty fume, or 
moisture, even during the progress of the “ blow.” With the usual form of condenser, 
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an image of the flame was projected upon the slit, sometimes the flame was in the 
same vertical line with the slit, and sometimes placed diagonally. This depended 
very much upon the position of the converter and the consequent size of the image. 
The slit plate was covered with a thin plate of quartz to exclude dust and dirt. A 
metal plate with a V-shaped piece cut out of one end slides over this, and serves to 
shorten or lengthen the slit, and secure a greater or smaller number of spectra on one 
photographic plate. In some cases, a photograph was taken every half-minute, from 
the commencement to the termination of the “ blow.” This could be accomplished 
only by the use of such a contrivance, as the plates measured no more than 
3 X 2| inches. 

To focus the instrument various photographs of sun-spectra were taken and the 
positions of the different adjustable parts were recorded. In order to render the 
instrument portable a case was constructed for carrying the prism table, prisms, 
collimator, and camera, without disarranging the adjustment of the instrument. A 
winged screw when loosened enabled the whole to be detached from the vertical 
pillar of the tripod, the counterpoise, of course, having been detached previously. 
The prism table was then fastened in its case. A second case carried the tripod, 
counterpoise, chemicals, and developing dishes. This case when empty had a square 
frame of wood which fitted into the top when the lid was open. The frame was 
covered with waterproof cloth, lined with yellow calico. In the cloth were arm-holes 
and sleeves fitted with elastic, which came half way up to the elbows. The developing 
dishes and measured quantities of solution were placed ready in the box and the dark 
slide could be opened, the plate removed and placed in the developer, while during 
development a new plate could be put into the slide. Development was always 
allowed to proceed for a given period which previous experiment had proved to be 
sufficient. During the progress of development the dish was covered with an ebonito 
tray to exclude any possibility of light reaching the photographic plate. By such 
means the plates are developed and fixed without the use of a dark room, but it is, of 
course, essential that the hands are not withdrawn from the box before the develop¬ 
ment is concluded. At Crewe my assistant had the use of a laboratory, but at 
Dowlais the operating box was always used. 

Arrangements were made for carrying out the first series of observations from a 
point on the floor of the cupola-house at Crewe, situated close to the platform, from 
which the ladles of spiegel-eisen are tipped into the converters. The instrument was 
placed upon a very solid bench, which could, however, be moved about as required. 
From preliminary observations with a direct vision instrument it was decided to take 
photographs of the sun-spectrum at the laboratory, to sensitise some plates with 
cyaniue, develop the sun-photographs, and, having obtained a good focus, to remove 
the instrument by hand to the cupola-house. It was considered best to photograph, 
first, the spectrum obtained during the whole period of the “ boil,” and, secondly, the 
blaze, after the addition of spiegel-eisen. Unfortunately the sun was not always 



FLAME SPECTRA AT HIGH TEMPERATURES. 


1049 


visible, but on one oocasion the spectra of the sun and of the flame from the converter, 
during four periods in one “ blow,” were secured on one plate. With this plate it was 
easy to see that a large number of lines were coincident with lines in the solar 
spectrum. Upon enlarged prints, some of which were 10 X 12 or 12 X 15 inches, 
made with gelatine-silver bromide paper, it was easy to record the position of the 
lines and edges of bands with respect to the sodium line, as these were measured with 
a micrometer screw and microscope in the manner already described (‘ Phil. Trans.,’ 
1894). It became necessary, however, to obtain enlargements of greater dimensions, 
and, accordingly, the Autotype Company were requested to make such, measuring 
36 X 24 inches, in which the spectra were magnified ten diameters. These were 
easily examined and compared with Rowland’s first map of the solar spectrum and 
with Maclean’s photographed spark spectra of metals. These enlargements had 
another advantage than facility for recognising coincident lines, for, with a standard 
brass metre, the bands in the spectra were more easily measured than with the 
micrometer. Several interpolation curves were drawn by which linear measurements 
were reduced to oscillation-frequencies. These were necessary because the portion of 
the spectra less refrangible than H was differently focussed on some of the plates. 
The fiducial lines selected were 110 lines in the spectrum of iron, and in the solar 
spectrum, lying between D and P. 

It was found to be almost impossible to measure the same bands on different 
spectra and obtain measurements giving identical wave-lengths. This will appear on 
referring to Plate 6, Crewe, and comparing the measurements of the first, second, and 
third spectra. Although there is some difficulty in obtaining measurements of bands 
so precise as we are accustomed to in line-spectra, this does not account for the 
discrepancy. It is, in point of fact, due to the bands altering in width, or, in some 
cases, becoming less distinct at the edges ; the bands are also much obscured on some 
spectra by the continuous rays being strong. There is some difficulty also, it may be 
remarked, in measuring the broad lines visible in some of the banded metallic spectra 
(‘Phil. Trans.,’ Part I., 1894). 

Observations made at Crewe and at Doivlais in 1893. 

I am much indebted to Mr. F. W. Webb, of the Locomotive Department of the 
London and North-Western Railway, and to Mr. E. P. Mabtin, the Manager of the 
Dowlais Iron Works, for facilities afforded me in carrying out a series of observations 
at Crewe and at Dowlais, in January and in April, 1893. In order to photograph 
the Bessemer flame, the instrument was placed on a strong, low bench, sufficiently 
near to the mouth of the converter and in a position of safety as regards sparks 
projected from the vessel, when the blow at times became somewhat wild. While 
my assistant made exposure of the plates at different periods according to instruc¬ 
tions, the phenomena observed during the “ blow ” were noted by me. During the . 
first seven minutes there is only a continuous spectrum. The sodium line then 
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flashes out occasionally. The temperature is evidently low, not much above that of 
cast iron. Sparks of graphite and of iron are ejected, but these come from the 
burning of spray caused by the eruption of air from the molten metal within the 
converter. After seven minutes the spectrum of sodium is constant, at ten minutes 
the spectrum of lithium becomes visible. Neither the hydrogen lines nor those of 
potassium were as a rule visible. Two violet lines of potassium appear in all the 
photographs. During the “ boil ” the sparks are few and small, because the metal 
being much hotter and more liquid there is less spray. The flame is large and it 
bums with a steady roar. At Crewe, it generally possessed the greenish-yellow 
colour of the vapour of manganese, and maintained this colour until about three 
seconds before the termination of the process. Sometimes, however, the mouth of 
the converter showed, during the progress of the “ boil,” the amethyst-coloured flame 
for a foot or two, extending from its edge, and there was a further tinge of the same 
tint beyond the yellowish-green, and quite at the outside of the tip of the bright 
flame. The duration of the “ blow ” varied from fifteen to twenty-one minutes. The 
metal used was haematite pig-iron, and the steel made was intended for boiler plates 
and also for small tyres and wheels. In certain cases particulars are given, but this 
is not a matter of consequence in considering the spectra observed. In all, twelve 
plates were exposed, some of which were so entirely satisfactory as to render any 
further work at Crewe unnecessary, there being ample material for some months of 
study. 


Spectra of the Bessemer Flame photographed at Creme in January , 1893, with a 
detailed account in each case of the period of the “ blow,” the plates used, and 
the duration of each exposure. 

Plate 1. 


The first exposure lasted three minutes. (Edwards’ isochromatic instantaneous 
plate.) 

A second exposure was made of another part of the plate, and a different “ blow.” 


“ Blow ” started at.1.34 p.m. 

First appearance of Na line.1.41 „ 

„ ,, red and green bands.1.45 „ 

Exposure commenced.1.46 „ 

Continued till end of “ blow ”.1.55^ „ 

Duration of exposure.minutes. 

A third exposure. 


“ Blow ” commenced at. 3.38 p.m. 

First appearance of sodium line at.3.45 „ 

„ „ red and green bands .... 3.48 „ 

Exposure began...3.51 „ 

End of “blow”.3.57£ „ 

Duration of exposure.. 


6J minutes. 
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The photographs were valuable as showing the extent of the spectrum, and 
occurrence of a large number of lines in the ultra-violet, which had never been 
observed in the Bessemer flame before. The plates had been much over-exposed. 

Plate 2. 

Edwards’ isochromatic instantaneous plate, stained with cyanine. 



b. 

m. 

8. 

Duration of 

exposure, 

Commencement of the “ blow ” . . . 

. . 9 

55 

0 A.M. 



1st exposure commenced at ... . 

. . 10 

1 

30 

5 minutes 

2nd „ „ . . . . 

. . 10 

6 

30 



3rd n u • 

. . 10 

10 

0 

5 


4tli „ „ . . . . 

. . 10 

15 

0 

u 


End of “blow”. 

. . 10 

16 

30 




These photographs were not well focussed. The lithium red line and band near 
to it were just barely visible. The position of the image of the flame on the slit of 
the spectroscope was diagonal. 

Plate 3. “ Blow ” 46. Boiler-plate. 

Edwards’ isochromatic instantaneous plate, stained with cyanine. The position of 
the image of flame on the slit plate was diagonal. 

h. in. s. Duration of exposure. 

Commencement of “ blow” at .11 17 30 a.m 

1st exposure began at. 11 26 0 3 minutes 

2nd „ .11 21) 0 3 „ 

3rd „ ,. 11 32 0 2 „ 

Plate 4. “Blow ”48. Boiler-plate. 

Edwards’ isochromatic instantaneous plate, stained with cyanine. The focus of 
the instrument was altered for different exposures by shifting the camera slide. 



h. 

rn. 

s. 

Duration of exposure 

Commencement of “blow ”. 

1 

46 

30 r.M 

. 

Appearance of tbe sodium Hue at . . . . 

1 

53 

0 


1st exposure at. 

i 

55 

0 

minutes 

2nd „ . 

1 

57 

30 

2 1 - 

* 4 ” 

To. 

1 

59 

45 


3rd exposure at ... .. 

2 

0 

0 


4th „ . 

2 

2 

0 


End of “ blow ”. 

2 

3 

45 



6 8 2 
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Plate 5. “ Blow ” 50. Boiler-plate. 

Edwards’ isochromatic instantaneous plate, stained with cyanine. 

li. m. Duration of exposure. 

“ Blow ” commenced at .4 0 

1st spectrum, exposure commenced at. 4 4 4 minutes 

2nd „ „ .4 8 3 

3rd „ „ .4 11 

4th blaze from spiegel-eiscn 

End of “blow”.4 16 

At the second exposure the blowing became very wild, and large quantities of metal 
or slag were thrown out of the vessel. 

These photographs were in very fine focus all through ; the violet line of manganese 
appears distinctly divided into three lines. The bands in the yellow and red are 
well focussed. 


Plate G. “ Blow ” 65. Hods. Vessel No. 2. 


The image of flame on the slit was vertical. The plate used was an Ilford instan¬ 
taneous one stained with cyanine. 

li. m. Duration of oxposuro. 

Commencement of “ blow ”.9 38 


1st exposure. 

2nd exposure, the sodium line persistent 
3rd „ „ „ „ 

4th ,, „ ,, ,, 

*>th ij ,, ,, >, 

bth ,, jj jt ,, 

End of “blow”. 


!) 

9 

9 

9 

9 

10 

10 


41 

46 

51 

54 

57 * 

1 

2f 


The red and green bands were first seen at 0.50 a.m. 


5 minutes 


3 

3 

31 


H 


Plate 7. “Blow” 67. Vessel No. 2. * 

Position of the image of the flame on the slit of the instrument, diagonal. An 
Tlford instantaneous plate, not stained, was used. 



h. 

m. 

Duration of exposure 

“ Blow ” commenced. 

.... n 

36 


1st exposure from 11.36 to. 

. 11 

39 

3 minutes 

2nd „ . 

3rd, flame of spiegel-eisen. 

.... ii 

481 

>» 

“ Blow ” ended • . 

... n 

56 
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The red and green bands first appeared at 11.46 a.m. The lines are distinct at the 
beginning of the second exposure. 

This plate had each spectrum finely focussed all through. The spectrum of the 
spiegel-eisen was shown by the band in the greenish-yellow, and the pair of lines in 
the violet. The importance of these violet lines as a leading feature of the manganese 
spectrum is thus demonstrated. 


Plate 8. “Blow” 69. Small tyres and rails. Vessel No. 2. 

The position of the imago of the flame on the slit was vertical. An Ilford 
isochromatic plate, not stained. A sun spectrum was photographed with 15 seconds 
exposure. (See Plate 14, lower spectra.) 



li. 

m. 

Duration of exposure, 

Commencement of “ blow 

.1 

32 


1st exposure at. 

.1 

40 

4 minutes 

2nd „ . 

.1 

44 

d if 

3rd „ . 

.1 

47 

2 „ 

End of “ blow ”. 

.1 

49 



This is a very useful series of spectra, the focus being good and the sun spectrum 
being convenient for comparison. The manganese bands are well seen, and all the 
lines extending into the ultra-violet. This plate was enlarged 10 diameters for 
convenience in identifying the lines. 


Plate 9. “ Blow ” 71. Small tyres and rails. Vessel No. 2. 

The image of the flame was diagonal on the slit of the spectroscope. An Ilford 
instantaneous plate was used, without stain. 

li. m. Duration of exposure. 


Commencement of “ blow ”..‘i 33 

1st exposure, tlie sodium line seen at. 3 39 4 minutes 

2nd „ 3 43 3 » 

3rd „ 3 4(i 1 >’ 

4th „ 3 47 1 ” 

5th „ 3 48 2 ” 

End of “blow”. 3 50 


This series was well focussed all through. 
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Plate 10. “Blow” 89. Vessel No. 2. 


Position of flame on the slit, diagonal. An Ilford instantaneous plate, not stained, 
was used. 



h. 

m. 

Duration of exposure, 

Commencement of tlio 4 ‘blow ”. 

11 

r> 


The sodium line appeared at . ■. 

11 

12 


1st exposure, both potassium and lithium lines were 

visible. 

11 

16 

4 minutes 

2nd exposure. 

11 

20 

3 

The “blow” was stopped at.. . 

11 

23 


The converter was lowered in order to throw in 
scrap to-cool the metal, which had become too 
hot. 

“ Blow ” started again at. 

11 

25± 


3rd exposure. 

11 

27 


4th exposure commenced at. 

11 

30 


End of “ blow ”. 

11 

50 

20 secs. 


The duration of the 4th exposure was only 20 seconds, 
of spectra. 


This is an excellent series 


Plate 11. “Blow ” 90. Vessel No. 3. 


The flame fell diagonally on the slit. The plate used was one of Edwards’ 
isochromatic instantaneous make, stained with cyanine. 

The camera was adjusted so as to bring the red end of the spectrum into sharper 
focus. 



h. 

m. 

secs. 

Duration of exposure, 

Commencement of “ blow ” at. 

. 12 

31 

30 


This was a larger charge than usual. 





Tho sodium line appeared at. 

. 12 

40 

0 


The lithium line at. 

. 12 

43 

0 


1st exposure at. 

. 12 

46 

30 

85 secs. 

2nd exposure commenced at. 

. 12 

51 

45 

5} minutes. 

Ended at. 

. 12 

57 

0 



The spectrum of another “ blow ” was photographed on 


Vessel No. 1. 

The position of the flame as before. 

h. XU. SOCS. 

Commencement of the “ blow ” at.1 22 0 

1st exposure at.1 33 0 

Continned till . 1 35 30 

2nd exposure.1 38 15 

Continued till. 1 44 30 

The “ blow ” was interrupted and the converter 

turned down at. 1 35 30 

And up again at. 1 37 45 


this plate. “ Blow ”91. 


Duration of exposure. 


3 minutes 

4i „ 
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Plate 12. “Blow ”92. Vessel No. 3. Bails. 



h. 

m. 

Duration of exposure, 

Commencement of “ blow ” at . . . . 

. . . 2 

57 


Appearance of sodium flame at ... 

. . . 3 

6 


Appearance of red and green bands . . 

. . . 3 

9 


1st exposure at. 

. . . 3 

m 

1| minutes. 

2nd exposure at. 

. . . 3 

12 

5 

End of “ blow ” at. 

. . . 3 

17 



Photographs of Bessemer-Flame Spectra taken at Dowlais Iron Works, South Wales, 

April, 1893. 

The quantity of metal blown at Dowlais was larger than at Crewe, the converters 
were capable of taking twenty tons of metal at each charge, and the actual quantity 
blown was twelve tons. The pig iron, smelted from Spanish ore, contained about 
1 per cent, of manganese, and 2 to 2| per cent, silicon, with from 3| to 3| per cent, 
of carbon. The blowing was generally very rapid, and owing to this circumstance, 
and the heavy charges of metal, there was an immense quantity of fume, which was 
carried by an easterly wind directly towards the instrument. Sometimes we were 
completely enveloped in dust from the fume. The lenses became coated with dust 
and with moisture caused by the condensation of steam, and hence the flame and the 
slit were obscured. Observations were carried on with great inconvenience, which 
would not have been the case had the wind been blowing from another direction. 

Plate 1. 

The plates used were specially prepared by Thomas and Co., Limited, of Pall Mall, 
London. They were stained with cyanine. 


h. ra. 

1st exposure.11 12 a.m. 

“ Blow M stopped at.IL 14 Exposure 2 minutes. 


Plate 2. 


h. m. 

“ Blow ” commenced at.11 48 

Bands flashiug out at.11 54 

1st exposure (30 seconds).11 50 

Continuing to.H 50^ 


Blowing interrupted but re-commenced again at 12 h. 2 rain, i\m. The bands are 
very brilliant. 

J h. m. 


2nd exposure (2 minutes) . . 

Continuing to. 

3rd exposure (2 minutes) . . 

Till. 


12 6i 
12 8J 
12 8i 
12 l()i 
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Plate 3. 

h. m, 

“ Blow” commenced at.12 30 

Bands flashing out at.12 34 

The metal became too hot and the converter was turned 

down. An ingot mould was charged into it at . , . 12 45 

Blowing re-commenced at.12 47 

1st exposure (3J minutes).12 49 

To. 12 52£ 

2nd exposure (2 minutes). 12 52$ 

To. 12 54J 


Plate 4. 


t: Blow ” commenced at.1 

Sodium line flashing out at.I 

Lithium line „ „ .1 

The continuous spectrnm was extremely brilliant, the lines 
and the manganese bands seen upon the continuous 
spectrum were very intensely brilliant. The metal was 
too hot, and the converter was turned down at . . . . 1 

Blowing re-commenced at.1 

1st exposure (1 minute) at.1 

2nd „ 1 

3rd ,, ,, ..1 

4th ,, ,, ... 1 

End of “ blow ”.1 


m. 

20 

22 

23 


2G 

30 

31 

32 

33 

34 

35 


Plate 5. 

li. m. s. 

“ Blow ” began at.2 3 0 

The sod in m line flashed out at.2 G 0 

The manganese bands flashed out at. 2 7 30 

1st exposure (30 seconds) at . 2 9 30 

“ Blow " interrupted, converter turned down at .... 2 10 0 

Blowing re-commenced. 21715 

2nd exposure (30 seconds) at.2 18 0 

Till.2 18 30 

3rd exposure (3 minutes) at. 2 20 0 

Till. 2 23 0 


Plate 6. 

Received four exposures of 1 minute to minute each, but there was nothing of 
any use upon the plate. In all probability this was owing to the large body of fumes 
formed when the converter was turned down before the plate had been exposed. 
The metal was too hot, as may be readily understood from the fact that the manganese 
bands were flashing only minutes after the commencement of the blow. 
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Plate 7. 

The same remark applies to this plate. The photograph was not satisfactory. 

The preceding work had been carried on in the open air, but it was considered 
better to move to the old Bessemer plant and be under cover, and away from the 
clouds of fume which were driven towards one by the wind, which still continued to 
blow from the east. Hot blast, grey pig iron, containing not less than 2 per cent, of 
silicon and from S£ to 3§ per cent, of carbon, was being blown for the production of 
tin-plate iron. Charge of metal 10 tons. 

The position of the instrument was about 4 feet above the mouth of the converter 
and 6 feet from it. 

Plate 8. 

Blowing commenced at 10 hrs. 52^ rain. A.M., but the blast was stopped because 
of blowing going on at the other plant. The blast was turned on again at 12 o’clock, 
the manganese bands flashed out at 12 hrs. 5 min. p.m.' and up to this the flame was 
nothing but that of carbonic oxide with the usual alkali metals. 




h. 

m. 

R. 


h. 

m. 

8. 

1st exposure (1 minute) at. 

. . 12 

7 

30 

to 

12 

8 

30 

2nd „ 

(1 minute 10 seconds) at 

. . 12 

8 

30 

11 

12 

9 

40 

3rd „ 

(30 seconds) at. 

. . 12 

9 

40 

n 

12 

10 

10 

4th „ 

(1 minute) at. 

. . 12 

10 

10 

n 

12 

11 

10 

5th 

(3 minutes) at. 

. . 12 

11 

10 

n 

12 

14 

10 

6th „ 

(2 minutes) at. 

. . 12 

15 

0 

11 

12 

17 

0 


At the highest temperatures the flame was perfectly transparent. 

A great quantity of fume, which condensed to coarse dust, was blown about, and 
much of this fell into the water used in washing the plates, and on the gelatine films. 
This could not be avoided, for it was necessary to develop the photographs on the 
spot and wash them as soon as developed. 

Plate 9. 

The same metal as before. Blowing commenced at 12 hrs. 3 min. p.m. 




h. 

m. 


h. 

m. 

1st exposure from . 

.12 

9 

to 

12 

10 

2nd 

n »> 

.12 

10 

n 

12 

11 

3rd 

n >» 

.12 

11 

ii 

12 

12 

4th 

n u • • > 

.12 

12 

ii 

12 

13 

5th 

n u . • • 

.12 

13 

ii 

12 

14 

6th 

»» n • 

.12 

14 

ii 

12 

15 

7th 

ii fi 

.12 

15 

>i 

12 

16 

8th 

>> i> • • 

.12 

16 

ii 

12 

17 

9th 

»» !» • 

.12 

17 

ii 

12 

18 

10th 
“ Blow 

1* »1 * * 

” ended. 

.12 

18 

ii 

12 

19$ 


This plate was badly fogged. 
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Plate 10. 


Blowing commenced at 12 hrs. 45 min. p.m. 
“ Blow ” interrupted at 12 hrs. 49 min. 
Blowing re-commenced at 12 hrB. 55 min. 





h. 

m. 

s. 


h. 

m. 

8. 

1st exposure at ... 

.... 12 

58 

30 

to 

12 

59 

30 

2nd 

?» 

>1 ... 

.... 12 

59 

30 

n 

1 

0 

30 

3rd 


y> ... 

.... 1 

0 

30 

n 

1 

1 

30 

4th 



.... 1 

1 

30 

it 

1 

2 

30 

5th 

n 

ji ... 

.... 1 

2 

30 

>» 

1 

3 

30 

6th 

11 

M ... 

.... 1 

3 

30 

ty 

1 

4 

30 

7th 

)1 


.... 1 

4 

30 

i> 

1 

5 

30 

8th 

11 


.... 1 

5 

30 

>> 

l 

6 

30 

9th 

11 

» ... 

.... 1 

6 

30 

11 

1 

7 

30 

10th 

>> 

n ... 

.... 1 

7 

30 

11 

1 

8 

30 

11th 

11 


.... 1 

8 

30 

11 

1 

9 

0 

End of 

it 

blow.’* 









Spectra of the Bessemer Flame. 

Description of the Spectrum of the Bessemer Flame, as photographed at Crewe, 
January, 1893, at the Steel Works of the London and North- Western Railway 
Company. 

The lines of the alkali metals appear, and are, in fact, the only prominent lines 
during the first period of the “ blow,” when the silicon is being oxidised and slags are 
in course of formation. During the second period, or the “ boil,” the flame exhibits a 
continuous spectrum of bright rays, overlying which is a number of bright bands; 
some of these appear to be degraded towards the least refrangible rays, others do not 
appear to be degraded, but are bounded by lines, or by very narrow bauds, possibly 
by the sharp edges of bands. There does not appear to be any distinct fading away 
of bands in the direction of the least refrangible rays more than towards the blue. A.t 
the commencement of the “ boil ” the bands are not so numerous as afterwards, nor 
are the lines so strong and numerous as subsequently, excepting the lines of the alkali 
metals. It is noticeable that certain lines appear only at the commencement of the 
“ boil,” others do not appear until the end. There is no very great difference between 
the spectra taken at the close of the “ boil,” and at the commencement of the third 
period, or “ fining stage.” But both in the second and third periods there are several 
lines which are short, and seen only at the base of the flame ; others are broad at the 
base of the flame, like bands, but towards the tip they attenuate into lines. By far 
the greater number of the lines in the spectra are iron lines; especially rich in these 
lines is the ultra-violet region. The prominent bands, for the most part occupying 
the region of less refrangibility than \ 3000, are due to metallic manganese. They 
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do not appear quite similar to the bands of the metal, nor of pure compounds of 
manganese, and this is partly owing to the continuous spectrum of carbon monoxide, 
partly to carbon bands, such as are exhibited in hydrocarbon flames, and also in part 
to bands of iron. This will be readily understood from an examination of the photo¬ 
graphs and the wave-lengths of the edges of carbon bands, for it is evident that as 
the bands of carbon overlie those of manganese, the latter are most certainly obscured 
by the former, and the former by the latter; because, while the former consist of 
narrow bands degraded towards the violet, the latter are composed of similar narrow 
bands degraded towards the red. One overlying the other can produce the appear¬ 
ance of a broad band, which is not degraded, but appears as a continuous spectrum, 
and in this the only part distinguishable is the more refrangible edge of the manga¬ 
nese band, and the less refrangible edge of that of carbon. Between the two, 
neither bands nor lines can be distinguished if the rays are strong. There are some 
few lines due to carbon monoxide, and certain bands due to an oxide of manganese, 
either MnO or Mn 3 0 4 . It is not likely that Mn0 2 , which is easily decomposed by 
heat, could exist in the Bessemer flame; the vaporized oxide must be a substance of 
no small stability. References to the lines, measured by Watts, have been inserted 
opposite to the line of nearest wave-length in the Bessemer spectra. Lines not 
identified by Watts are either lines of iron, of manganese, or carbon bands. , The 
lines of metallic manganese were not identified, probably because Watts used 
manganese dioxide, or carbonate, for his comparison spectrum, instead of the metal 
heated in the oxyhydrogen flame. 

Lines in the spectrum of the Bessemer^flame, which are more refrangible than the 
solar line H, have not been examined before, and this portion of the spectrum is 
especially interesting. It extends to some small distance beyond the solar line O of 
Cornu’s Spectre Normal, or on some plates as far as P X 3361 ‘5. Most of the lines 
are very strong and sharp, forming very characteristic groups. They have nearly all 
been identified with iron; they are all strong lines, as seen in the arc spectrum of 
iron, and they are coincident with lines in the sun. They have been identified with 
the lines photographed from the spectrum of Tuiiton’s tool-steel, but steel in the 
oxyhydrogen blow-pipe yields no greater number of iron lineB than occur in the 
Bessemer flame. Ferric oxide, under the same conditions, exhibits a spectrum with a 
band, and still fewer lines. It certainly appears as if the temperature of the 
Bessemer metal during the “ boil ” is as high as, or approaches that of, the 
oxyhydrogen blow-pipe flame, when the oxygen contains 10 per cent, of nitrogen, as 
the commercial oxygen supplied to us was found to do, and the flame is being used 
for spectroscopic purposes in the manner already described (‘Phil. Trans.,’ 1894.) 
Owing to the complicated nature of the spectra, the wave-lengths of bands and lines 
exhibited during different periods of the “ blow ” have been tabulated, with a 
description of each feature of the spectrum to which the measurements belong, and in 
parallel columns there are references to Watts’ measurements, and those of other 
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investigators. This is, however, insufficient for an analysis of the spectra, and it has, 
therefore, been found necessary to state the wave-lengtbB of lines and bands with the 
wave-lengths of other lines with which they have been identified. 

Lastly, it may be remarked that there have been very few instances of reversals 
noticed. Thus, at Crewe, forty-three photographs were taken on twelves plates, and, 
at Dowlais, forty-eight photographs on ten plates; of these, only forty of the latter 
series were sufficiently well-defined for examination; but only on one plate, No. 2, of 
the Crewe series, were the C line of hydrogen, the F line, hydrogen, and a line at N, 
seen reversed. The alkali metals showed no reversals. 


Plate 2. —Crewe. Spectrum 3. 


X. 

Description of spectrum. 

Remarks and lines for comparison. 

6707 

Line lithium 


6635 

Band extending to 6564 


6564 

A reversed line. Hydrogen. Seen during a snow¬ 
storm. Coincident with the solar line C. 


6196 

5990 

^-Band degraded towards the rod 

6204 More ref. edge of band. Watts 

5923 

Band narrow like a line 


5893 

l 

| Sodium line. Mean of the two. Coincident 
with D 

: .... .... 


Plate 8.—Crewe. (Plate 14.) 




Description of spectrum. 



5876 A band frequently occurring here 
5872 Nebulous line, or indistinct less refrangible 
edge of band 


5865 

5841 


5787 

5767 

5718 

5704 

5672 

5655 

5634 


Apparently the less refrangible edge of a band 
in the 1st spectrum ; a line, or more re¬ 
frangible edge of a band in the 2nd speo- 
trum, and the less refrangible edge of a band 
in the 3rd spectrum 

Well defined line in 1st spectrum; more re¬ 
frangible edge of band in the 2nd spectrum 
Line or edge of a band which extends stronger 
np to next measurement 
Less refrangible edge of a band, not distinct 
but intense 

Edge of band, intense, doubtful. 

„ „ „ In 1st spectrum only 

More refrangible edge of band, indistinct. Not 
distinguished in 3rd spectrum 
An intense band of rays overlies the other 
bands 


Remarks and lines for comparison. 


58721 

> Two faint lines. Watts 
5865 J 

5847 Maximum of light. Watts 


5790 Strong line, brightest edge of 
the wholo group. Watts 


5705 Fine lino. Watts 
5644 Edge of band. Watts 
5634'7 Carbon. Watts 
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Plate 8.—Crewe—(continued). 


X. 

Description of spectrum. 

Remarks and lines for comparison. 

5629 

Line or edge of band. 

5629 

Carbon. Lbcocq db Boisbau- 

5625 

5618 

5611 

Edge of band distinct, strong 

More refrangible edge of band, with a line 

A line or edge of band 


bran. 

5608 

5595 

Edge of band, indistinct. 

Edge of band 

5607 

Edge of band. Watts 

5588 

Edge of band, terminating the first strong 

5580 

»> »» »> 


group. Does not appear in the 2nd spectrum 

5585*5 Carbon. Edge of band. Watts 


Another measurement here gave 5579. Both 
are probably correct, but they occur in dif¬ 
ferent spectra in the same plate 

5585'4 Fe. Fievez and Thal£k 

5552 

5547 ] 

Three lines, not identified, occur 

5540 


5532 

in Bessemer and spiegel 
► only. Watts. 

5506 


5529 

5542-3 and 5503 7. Carbon 
lines. Watts. 

5488 

5481 

5470 

More refrangible edge of band. 


5505*9 Fe. Fievez and Thal£n 




5462 


54621 

5462*3 „ Fievez and Thalen 

5455 

5452 


5454 

5454 7 „ u 

[ Three faint lines not identified, 

5444 

5437 

5431 

5410 

5403 

Centre of nebulous line or band. 

The more refrangible edge of a baud appears 
here 

Line 

The more refrangible edge of a band 

5443J 

in Bessemer spectrum. Watts 
5446 Fe. Fievez and Thalen 


5405 Line. Watts 

5404*9 Fe. Fievez and ThalGn 

5394 

I More refrangible edge of a band. Does not 
appear in the 2nd spectrum 

5395 

Line, strong. Watts 


5396 

Fe. Fievez and Thalen 

5374 

Line on a band. 

5371 Line, strong. Watts 

5370*6 Fe. Fievez and Thal£n 

5366 

Most refrangible edge of 2nd strong group of 
bands. There is apparently a line hereabouts 
which widens the edge of the band 

5366-6 „ 

5333 

5319 

5296 

Line indistinct on 1st spectrum, distinct on 
2nd and 3rd spectra. It lies on a broad 
band on the 2nd spectrum, and the band 
extends to 5319 

Edge of band, not degraded, very feeble 
Doubtful line, very feeble 

5327 

Line, strong. Watts 

5287 

Very indistinct. Doubtful. 

5287*6 Fe. Fievez and Thalen 

5270 

5246*5 

5217 

Line strong. Coincident with solar line E 

1 Two lines forming edges of a band. In 3rd 

J spectrum only 

5269*5 „ E. Fievez and Thalen 

5195 

Edge of band. 

; 5192 

Edge of band. Watts 

5184 

Line coincident with solar line b l . 

5183 8 Fe. Fievez and Thalen 

5173 

Short line, seen only at the base of flame. Not 
in the 1st spectrum 

5170-9 „ 

5169 

More refrangible edge of band, nearly coin¬ 
cident with solar line b 3 

5167 

in Bessemer spectrum. Not 
identified. Watts 

5164 

Also a line here, Fe .. 

More refrangible edge of band 

5167*1 Fe. Fievez and Thalen 

5159 

Edge of band. In 3rd spectrum only . . . 

5157 

Edge of band. Watts 
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Plate 8.—Crewe —(continued). 


X. 

Description of spectrum. 

Remarks and lines for comparison. 

51298 

Edge of band, nearly coincident with a well- 
defined faint iron line, 5128 8 


5110 

Feeble line. 

5109*2 Fe. Vogel and Thal^n 

5107 Line, not in MnO s spectrum. 

5084*4 

Centre of faint broad line, probably double 

Watts 

5037 

More refrangible edge of band. Faint. Not 
in 3rd spectrum 


5019 

More refrangible edge of weak band 

5018 Edge of band. Watts. 5017*7 Fe. 

4969-5 

„ ,, of slightly stronger band 

Vogel and Thali&n 

4947*5 

Indication of sharp line, or edge of band . . 

\ 4943 Edge of band. Watts, also 

4914-9 

More refrangible edge of same band, not in 
3rd spectrum 

j 49457 Fe. Vogel and Thal^n 

4895-7 

More refrangible edge of narrow band, not in 
1st spectrum 

4904 Edge of band. Watts 

4861-8 

More refrangible edge of narrow band. Co¬ 
incident with solar line F. Measured on 
2nd spectrum 4862. Not on 3rd Rpectrum 

4862 „ „ „ 


* 

)> Combine to form one broad band 

4838 

More refrangible edge of band. Not in 3rd 

4836 Edge of band. Watts 


spectrum 

4838 Fe. Vogel and Thai.^n 

4811-8 

More refrangible edge of band. Not in 1st 
spectrum 

Line. Not in 2nd or 3rd spectrum .... 

J 

4808-2 

4802 Line. Watts 

4773 

Edge of band 


4755 

More refrangible edge of broad band. Seen 
more distinctly in 3rd spectrum 


4740 

Edge of band about here 


4721 I 

1 Two short lines, visible only at base of flame. 


4709 

j 4721 in 3rd spectrum only. 

4709-5 Fe. Vogel and ThalIon 

4701-5 

Strong band 


4674 

More refrangible edge of band 


4660 

Visible only in 1st spectrum 


4637 

More refrangible edge of band 


4623 

Edge of band. Not in 2nd spectrum 


4606 

Visible only in 3rd spectrum. 

4607 „ 

4584-5 

Fairly strong line. Coincident with the more 
refrangible edge of a band 


4561*4 

Edge of band. In 1st spectrum only 

^The continuous spectrum is strong over 
this region 

4547 

More refrangible edge of band. Feeble. 
Another measurement gave 4540. Doubtful 

4547-3 Fe. Vogel and Thal6n 

4519 

Or 4522. Faint line on a band about here. 
Doubtful 


4502 

*| Line 


4504 

>Edge of band. More refrangible edge 


4496 

J Line 

4493*8 „ 

4493 

Short line. Visible only at the base of tho 
flame on 1st spectrum 

4482-2 

Strong line, also edge of strong band. Line 

4481 Line. In Bessemer spectrum, 


coincident with a solar line 

not identified. Watts 

44816 Fe. Vogel and ThalGn 

4469 

Faint line, also 4468*8 the same line in another 
spectrum on a different plate. On 1st 

4468 7 „ „ „ 


spectrum only. Plate 8. 

J 

4466 

A line closely adjacent to a solar line . . . . 

446b ,, „ ,, 
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Plate 8. —Crewe—(continued). 


x. 


4448*4 

4436*5 

4430 

4414 


4406 

4385*4 

4383*7 

4357 

4351 

4326 

4316 

4308 

4272 

4253*5 

42157 

4202 

4188 

4178 

4144 

4132*2 

4130 

4071 

4067 

4063 

4046 

4042 

4040*6 

4034*8 

4033*8 

4032*7 

4030*0 

4004 

3967*7 

3929*8 

3927*3 

3922 

3920 

3904*8 

3898*5 

3895 

3887 

3878*5 

3872 

3866 


Description of spectrum. 


Strong line not in 1st spectrum . 
Faint sharp line. 

Strong line. 


Faint line. In 2nd spectrum only . 


Very strong line. Not in 1st spectrum. Coin¬ 
cident with 4405 in solar spectrum 
fPair of strong sharp lines. Both in solar 
< spectrum, the former much the more strongly 
[ reversed 
Edge of band. 

Line, strong. Coincident with a solar line 

Line. In 2nd spectrum only. 

The same. In 2nd spectrum only. Coincident 
with solar line in Gr 

The same. Coincident with a Solar line . . 

Edge of band. 

Line, strong. Coincident with a weak line in 
solar spectrum. In 2nd spectrum only 
Very weak line. Not in 3rd spectrum . . . 

„ „ Doubtful whether in 1st and 

2nd spectra 
Edge of band. 

r Two weak lines, both rather diffuse .... 
In 1st spectrum only. Coincident with line 
in solar spectrum, 4132 2 
Edge of band. 

Pair of strong sharp lines, with a feeble line 
between them. Coincident with lines in the 
solar spectrum; 4071 is visible in 1st spectrum 
only, 4067 in the 2nd spectrum only 
Group of three very strong lines, frequently 
appearing as two; 4046 is coincident with a 
solar line 

Strongest group of lines in the whole spectrum. 
Closely adjacent, and frequently appearing 
as one broad strong line. Coincident with 
a broad line in the solar spectrum 
Weak line. Coincident with a solar line 
„ „ Coincident with the centre of the 

solar line H. On the 3rd spectrum only 
( Pair of sharp, strong lineB. Coincident with 
solar lines on the more refrangible side of K 
Pair of sharp, strong lines. Coincident with 
two in solar spectrum 
Sharp line. 


1 Pair of sharp, strong lines. Coincident with 
j solar lines 

Very strong line. Coincident with a solar line 
>» » »» 

? Two weak lines. Coincident with solar lines 


Remarks and lines for comparison. 


4447*2 Fe. Vogel and Thalbn 

4432 Line not identified 
4432*6 Fe. Vogbl and Thac^n. Watts 
4415*4 Line, in Bessemer. Not identi¬ 
fied. Watts. 

4414*3 Fe. Vogel and Thalbn 
4404 Watts 

4404*3 Fe. Vogel and Thal^n 
4383 Line, not identified. Watts 
4383*0 Fe. Vogel and Thal£n 


4325*3 Fe. Vogel and Thal1£n 
4314*6 „ 

4307*3 „ 

4271*6 „ „ ,, 

(4215*7 Possibly due to Mn) 


(4201*6 


> 


4187*3 Fe. Vogel and Thalbn 


4143*2 

4131*3 


4071 

4063 

4045*3 


4004*3 

3968*1 


3922 
3920 
3905* 
3903* 
3898* 
3894* 
3886 
3877 
f 3871* 
\ 3865* 


Fe. Cornu and Lockyer 


Fe. Cornu ; 3919*4, Lockyer 
9 Fe. Cornu 

3 Fe. Lockyer 

4 Fe. Cornu. 
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Plate 8. —Crewe—(continued). 


x. 


3860 


3856 

3850 

3841 

3834-3 

3826 

3824-5 

3820-5 

3816 

3813 

3800 

3795 

3788-5 

3781 

3767-5 

3764 

37584 

3749-4 

3746 

3743-5 

3737-4 

3735 0 

3733-5 

3727 

3722-8 

3720 

3709 

3707-7 

3705-5 

3687-5 

3685-2 

3680 

3677-8 

3648 

3631-5 

3619 

3609 

3587-2 

3585-5 

3581-5 

3570 

3566 

3558-8 

3526-5 

3498 

3491 

3477 

3475 

3466 

3441 

3384 

3380-8 


Description of spectrum. 


Very strong line 


Strong line 
Weak line 
Strong line 

ii »> 

\ Closely adjacent strong lines, the more ref ran- 
/ gible being the stronger. Not in 3rd spectrum 
Strong line. Coincident with solar line L 

| Two weak lines. 

Lino, fairly strong, broad 
„ less strong 
„ weak 

„ in the 3rd spectrum only 

l A pair of lines 

] Very strong, evidently 1 
> double. Lines closely > Very strong group 
J adjacent J 

Very feeble 

Weak line. Coincident with solar line M 

Weak line. Not in 1st spectrum 1 

„ „ In 3rd Bpectrum only l ^ 

Fairly strong. Sharp. Not in 1st ' 
spectrum 

Weak line "1 

Very weak, distinct line l Q roup 

Not in 1st spectrum 


Remarks and lines for comparison. 


From this point all lines are coincident 
with lines in the-solar spectrum, and 
have been identified on Rowland’s 
first map. 


■ 


Group 


Weak line 
Fairly strong lino 


| A pair, well defined, strong lines 

} Very weak line 

„ „ Not in 3rd spectrum 

Strong, sharp line, in 1st spectrum only. 
Coincident with solar line N. 

| Two sharp, fairly strong lines 

A very weak line 
Weak, isolated lino 
Weak lino 

Fairly strong line. In 2nd spectrum only 

| Pair of lines weak. 

Weak line. 

Fairly strong line. 

Very weak line 
Fairly strong lines 


Solar line O, 3439*2 


3441*07 Fe. Kayser and Runge 


6 U 


MDCCCXCIV.—A. 
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Plate 6. Crewe. Sensitised for the Red Rays. 


1st 

2nd 

3rd 

speotrum. 

spectrum. 

spectrum 

X. 

X. 

X. 



6177 

6173 



6135 

6135 

< 

,, 

6109 

6101 


m ( 

6042 

6046 


L •• 

5991 

6017 

r .. 

5958 

5959 

i •• 

5917 

5917 


, , 

5893-7 

r .. 

5875 

5875 


# # 

5831 

5831 

1 

. •• 

5794 

5794 


r 5735 


5736 


5719 

,. 

, , 


5670 

,, 

, , 

1 

5625 

,, 



5622 

.. 



5590 

5586 

5586 

5556 

,. 

. . 


r 

,, 

5476 


• • 

. . 

5457 


• • 

. • 

5439 

1 

# # 

5418*5 

, , 


5384 

5384 

5384 


15370 

5369 

5369 

j 

1 5335*5 

5335*5 

5335*5 


5294 

• • 

5303 


,, 


5270 

j. 

.. 

•• 

5231 

i 



5203 

1 


9 m 

5198 

1 

- •• 

! ” 1 

5170 


j I 



Edge of band 

^j>Bands degraded towards tlio rod 

} Band degraded towards the rod 
Line on band or edge 
Sodium 
Edge of baud'! 

„ „ „ > Group of bands 

» 11 n J 


Description of spectrum, 


Edge of baud'] 


[Group of bands 
‘^Strong, broad 


11 ii if 


Edge of baud'] 


n a a 


” ” ^Group of bands 


>> 11 11 


Line on band 


More refrangible 
edge of band 

a n fi 

*1 fi ii 

11 11 11 J 


Remarks and lines for com¬ 
parison. 


6178. Edge of band, Watts 


6109. 

6097. 

6012. 

6006. 


1 Conspicuous pair of red 
> lines, Watts 

Pair of faint lines, Watts 

5917. Waits 

5872. Faint line, Watts 

5790. Strong, fine line, brightest 
edge of whole group, Watts 


5580. Edge of band, Waits 


Group of 
bands 


Sometimes 
appears as a 
line 


i 5453. 

Watts 

! 5443. 

a 


4533. 

a 


j 

5370. 

i 

a 

This group re¬ 
sembles the same 

! 5269. 

a 

group as Been on 

’ 5229. 

a 

the plates from 
Dowlais. The bands 
are more numerous 
than on other spec¬ 

j 5168. 

i 

a 

tra taken at Crewe 


The bands on Plate 6, Crewe, are lees well defined on spectrum 3, but are very 
well seen on spectrum 5 ; that is to say at the close of the fining stage. The tempe¬ 
rature being high, and the carbon issuing from the mouth of the converter, ail in the 
condition of carbon monoxide, there are no carbon bands or lines to obscure the 
manganese spectrum. 


Plate 2. Spectrum 3. Crewe. 


\. 
6196 
61311 
6077/ 
0020 
59521 
5893/ 


Line seen at the edge of a band. Spectrum 4. 
Band. 

Line on band. 

Band degraded towards the red. 
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Plate 9. Spectra 4 and 5. 


4th 

spectrum. 

5th 

spectrum. 

Description of spectrum. 

Remarks and lines for com¬ 
parison. 


X. 

5876 

X. 

5872 

Edge of band or line upon a band. 

5872. Faint line, Watts 


f5830 

5831 

Least refrangible edge of a band degraded to- 


< 



wards the red. Appears like a line on 4th 
spectrum, in the upper part of the flame and 

> 




like a band at its base 

i 

* 


[5794 

5794 

More refrangible edge of a band, appearing like 

J 5790. Strong fine line, 




a broad line at the tip of the flame and as a 
band at its base in 4th spectrum, the band 

brightest edge of whole 
group, Watts 




not perceptibly degraded. It is degraded 
towards the red in the 5th and appears as the 





more refrangible edge of a band throughout 

* 

5705. Fine line, Watts 


f 5700 

.. 

Less refrangible edge of a band in the most 




intense group. Very strong but obscured, 
degraded towards the red 


< 

5650 

5650 

More refrangible edge of a band, degradod, 

5644. Brightest edge of 

5621 

j 5621 

very strong, broad 

More refrangible edge of band, degraded to- 

y band, Watts 




! 

| wards the red, very strong 



5585 

! 5585 

j The same, strongest and most refrangible of 

5580. Edge of band, 



i 

! this series 

Watts 


"5546 

; 5546 

; More refrangible edge of the strongest band of 

5547. One of a group of 

; 



this group, degraded towards the rod, broad 

three lines, Watts 

; 

1 

5488 

., 

More refrangible edge of a band, strong 



5439 

i 5439 1 

»> >> »> )> 

5443. Watts 


5424 

i •• ! 

f „ „ „ „ broad 


/ 

5384 


„ ,, of very strong band. 

5391. Edge of band, 



1 ” 1 

1 l 

Degradod towards the red. Conspicuous in 
the group with 5546 

> Watts 


.. 

I 5370 j 

More refrangible edge of band terminating this 

5371. Strong line, Watts 




; group in 5th spectrum. Strong 


! 

5348 

i • • 1 

i More refrangible edge of a band overlapped by 




| | 

5384. Not degraded 


1 

f 5338 

! 5337 

Line on baud of continuous rays 


< 

5270 

| 5270 

Line coincident with solar line E. 

5269. ,, ,, 

1 

5170 

5170 j 

Line nearly coincident with and 6* in solar 

f 5167. Line. Watts 



; ! 

spectrum 

J 


Lines of the Alkali Metals and of Hydrogen, observed in the Spectrum of the 

Bessemer Flame. 


Hydrogen. 

X . 

6564 

4861*8 

Lithium. 

6707 

4132 

Sodium. 

5893 


Potatsium. 
/ 76971 
1 7663 ' 
4045 1 
4042 ‘ 


Plate 2, 3rd spectrum. Reversed. 

Plate 8, 1st and 2nd spectra only. Appears ns 
the edge of a band 

Plate 2, 3rd spectrum 


Coincident with the solar line C. 


On every plate. In one or two spectra the two 
lines are separated. Generally, however, 
very broad 


Coincident with D. 


Observed with eye 
On every plate strong 


{ 


40451 

4042/ 


Liveing and Dewar 


6 U 2 
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Links of Carbon or Edges of Carbon Bands and of Carbon Monoxide, observed in 

the Spectra of the Bessemer Flame. 


Carbon. 


Bessemer 

flame. 

Description of spectrum. 

Carbon bands. 
(Flame Spectra. 
Parti.) 

Remarks and lines for 
comparison. 

5655 

Indistinct, more refrangible edge of a band. 

X. 

5659 to 5627 



Not distinguishable in 3rd spectrum 

5634-7 


5634 

An intense band overlying other bands . . 

Carbon, Watts 

5629 

5629 

Lecocq de Boisbaudran 

5625 

Edge of band distinct, strong. 

5627 

5627-3 

Fievez 

5611 


5611 


5588 | 

Edge of band terminating the first strong 

f 5585-5 
< 5581 

Edge of band, Watts 

Lecocq de Boisbaudran 

group. Not in 2nd spectrum 

1 5580 

Edge of band, Watts 

5579 

Edge of band. Another spectrum . . . 

5577 

5540 

5542-3 


5506 


5503*7 


5488 

Edge of band. 

5492 

Also Fe 5488*4, Kayser and 



Rungk 

5470 


5473 


5444 

Centre of a nebulous line, or a band . . . 

5446 



The more refrangible edge of a band also 

5443 

One of these faint lines not 


appears here 


identified, Watts 

5195 

5169 

Edge of band. 

>i >» . . 

5194 \ 

5170 / 

Band 

5084-4 

Centre of faint broad line, or a band . . . 

5086 


4974 5 

Indication of sharp line, or band . . . . 

4952 


4895-7 

More refrangible edge (?) of a narrow band. 
Not in 1st spectrum . 

4899 

Also 4896, Mn. 

4773 

4774 


4674 

Edge of a band. Visible only in 1st 
; spectrum 

Line closely adjacent to a solar line . . . 

4672 


4466 

4462 


4406 

Very strong line. Not in 1st spectrum . . 

4405 

Also Fe 4405, Kayser and 
Runge 

4357 

Edge of band. 

4364 

4351 

55 * . 

4350 


4253-5 

» »l .* * 

4252 


4215-7 

Line strong, coincident with a weak line in 

4215 



in the solar spectrum. In the 2nd spec¬ 
trum only 
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The Carbon Monoxide Spectrum observed in the Bessemer Flame. 


Bessemer 

flame. 

Description of spectrum. 

Carbon Mon¬ 
oxide Spectrum. 
(Flame Spectra. 
Parti.) 

Remarks. 

\. 

5037 

4969-5 

4947-5 

4637 

4606 

4584-5 

4448 

4188 

More refrangible edge of a band. Not in 
1st spectrum 

More refrangible edge of stronger band . . 

Indication of sharp line, or band .... 

Edge of band. 

Visible only in 3rd spectrum .... 1 
Fairly strong line, coincident with the > 
more refrangible edge of a band J 

Strong line. Not in 1st spectrum .... 
Very weak line. Doubtful whether in 1st 
and 2nd spectra 

A. 

5037 

4970*5 

4945 

4640 

4589 

4446 

4183 

The continuous spectrum of 
carbon monoxide extends in 
this region from 4755 to 
4405 

Also Fe 4447*2 


Bands and Lines of Manganese observed in the Spectra of the Bessemer Flame. 


Bessemer 

flame. 


Description of spectrum. 


Manganese 

spectrum. Remarks and lines for 

(Flame Spectra. comparison. 

Part II.) F 


A. 

6635 

6196 


A. 


5872 

58G5 

5855 

5787 

5767 

5718 

5625 

5608 

5595 

5588 

5556 

5462 

5444 

5437 

5403 

5394 

5374 

5366 

5333 


5319 

5270 

5195 

5169 

5159 

5019 

48957 


Line on a band .. 

Edge of band.. • • • 

Line, indistinct on 1st spectrum, distinct on 
2nd and 3rd. It lies on a broad band on 
the 2nd spectrum, and the band extends 
to 5319 

Edge of band. Not degraded; very feeble 

Edge of band. 

More refrangible edge of band. 

Edge of band; in 3rd spectrum only . . . 

More refrangible edge of faint band . . . 

n ,, „ narrow band; not 

in 1st spectrum 


5873 

5865 

5855 

5800 

5764 

5712 

5622 


5858, Lecocq be Boirbaudran 


5591 


Edge of band, hazy 


5556 

5465 

5445 

5438 

5402 

5391 

5370*5 

5364 

5338 


5393*6, ThalGn 
5371, Watts 


5315 

5270 

5199 

5167 

5157 

5018 

4896 


Carbon band here also 
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Bands and Lines of Manganese observed in the Spectra of the 
Bessemer Flame—(continued). 


Bessemer 

flame. 


4773 

4755 

4701*5 
4660 
f 4502 
\ 4496 
4493 

4469 

4436*5 

4411 

4406 

4326 

4272 

4253*5 

4130 

4067 

4063 

4040*6 

“4034*8 

4033*8 


Description of spectrum. 


Manganese 
spectrum. 

|(Flame Spectra. 
Part II.) 


Edge of band 


More 


4776*5 to 

4770 

4749*5 


More refrangible edge of broad band, 
distinctly seen in 3rd spectrum 

Strong band.4696 

Band. Visible only in 1st spectrum ... 4656 

Pair of fairly strong lines; also more re- j 4503 

frangible edge of band i 4501 

Short line, visible only at base of the fin mo. I 4491 

1st spectrum i 

Faint line. 1st spectrum. j 4470*5 

Faint sharp line. 4436*5 

Faint line. j 4414*2 

Very strong line. 4403 


Line, strong 
Line . . . 

Edge of band . 


Very strong line 


Strongest group of lines in the whole spec¬ 
trum. They appear as a band degraded 
towards the less rafrangible rays in 
Mn0 2 


4032*7 Mn0 2 ' 4032*7 

^4030 4029*9 

3895 Strong, coincident with a solar line . . . 3894 

3887 Very strong line, coincident with a solar line 3886 

3878*5 „ „ „ „ „ 3878 

/ 3872 Two weak lines, coincident with two solar 3874 

{3866 lines ! 3866 

From this point all lines in the Bessemer flame spectrum are coincident with solar lines 


4325*3 

4271*6 

4252 

4130 

4065 

4064 

4040 

4034*9' 

4033*8 


Remarks and lines for com¬ 
parison. 


Very weak 
spectrum. 

Seo Carbon 


band in Mn0 9 
Sec also Carbon 


Mn0 2 , edge of band. 

see Carbon, 4405 
ThaliSn 


Also, 


See Carbon, 
bon, 4255 


4036*5 
4033*8 
Reversed in 
the arc 
4032 
4029*5 


See also Car- 


Some of these 
wave-lengths | 
have been j 
adopted from j 
Watts* Index i 
of Spectra | 


3860 

3834 

3824*5 

3727 

3722*8 

3619 1 

3609 / 

3587*2 

3585*5 

3581*5 

3570 1 
3566 ( 
3558*8 
3498 
3491 
3477 \ 
3475 J 
3441 


Very strong line 
Strong line. . 


Weak line, coincident with the solar line M 
Strong line. 

A pair of well-defined fairly strong lines 

Very weak line. 

,, „ „ not in 3rd spectrum . . . 

Strong sharp line, in 1st spectrum only, 
coincident with solar line N 

Two sharp fairly strong lines. 

A very weak line. 

Weak line. 

Fairly strong line, in 2nd spectrum only 

Pair of weak lines.. . 

Weak lino. 


3860 

3835 

3824 

3728 

3721 

3621 

3607*5 

3589 

3587 

3578 

3571 

3568 

3559*5 

3498 

8490*5 

3476 

3473*5 

3442 
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Lines in the Spectrum of the Bessemer Flame, identified with Lines in the Solar 

Spectrum, and with Iron Lines. 

Column I. Lines in Bessemer flame identified with lines in the solar spectrum. 

The black figures indicate the strongest and most prominent lines. 

„ II. Lines identified on Kayser and Runge’s photographs of the arc 
spectrum of iron. 

„ III. The spectrum of iron obtained from steel by the oxyhydrogen flame. 

„ IV. The oxyhydrogen flame spectrum of pure ferric oxide. 



I. 

11 . 

III. 



Bessemer and 

Arc lines. 





solar lines. 

Iron. 

oteel. 


D 


5893-7 




E 


5270-6 

5270*43 E 





5269*65 



5* 


5170 

5171*71 




5042 

5041*85 




4502 






4496-5 

4494-67 





4486 

4485-771 






4484 36/ 


r 



4448-4 

4447-85 





4436 6 

4435*27 





4405 

4404-88 

j 




f 

/ 4385-41 






1 4383-7 / 

4383*7 





4368-4 

4367*68 





4326 

4325-92 

4326 


G, 


4308 

4307-90 

4308 

i 

< 


4272 

4271-93 

4272 




4215-7 

4216-28 





4202 

420215 


i 



4188 , 

I 4187*92 





4144 

4143-96 


j 

1 

4132 

4132T5 




r 

4072 

4071-79 

4072 




40638 

4063-63 

4063-8 


J 


4046 

4045-9 

4046 


i 


i 4044*8 

4044-69 


f 



! 4044*2 

4044-0 


i 



! 40417 i 

4041-44 


j 



! 4036 i 

| 4035-76 





4034*8 

: 4034-59 

I 

V. 

: 

< 


4033-8 

4033 1G 





' 

4031 

4030-84 





4005-5 

4005-33 




3969*34 

3969-34 




3966-8 

3966-7 




3929-8 

3930-37 

3929*8 



3927-3 

3928-05 




3922 

39230 

3922 



3920 

3920-36 




3904*8 

3903*06 

3904-8 



3898*5 

3899-8 

3898-5 



3895 0 

3895-75 




IV. 

Fe 3 0 ;i . 


39298 

3922 

3904-8 

3898-5 


Remarks. 


Lines stroug and well defined 

i 


Linos all strong and well defined. 
Continuous spectrum of carbonic 
oxide very strong, somewhat 
obscures the metallic lines 


i 


Lines well defined 


The strongest lines in the spectrum 
dividing the visible from the 
ultra-violet rays 


Strongest part of the spectrum. 
Nearly all iron lines, many of 
which are very prominent. Con¬ 
tinuous spectrum not too strong 
to admit the lines being well seen 
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Lines in the Spectrum of the Bessemer Flame, identified with Lines in the Solar 
Spectrum, and with Iron Lines (continued). 



I. 

ii. 

III. 

IV. 



Bessemer and 
solar lines. 

Arc lines. 
Iron. 

Steel. 

Fe s O s . 

Remarks. 


3886*5 

3886*38 

3886*5 

3886*5 




3878*5 

3878*12 






8872 

3872*61 






3860 

3860*03 

3860 

3860 




3857 

3856*49 

3857 

3857 




8850 

3850*11 






3841 

384119 

3840-58 

3841 




L 

3834*3 

3826 

3824*5 

3820*5 

3834*37 

3826*04 

3824*58 

3820*56 

3834 

3826 

3824-5 

3826 

3824-5 


Strongest part of the spectrum. 
Nearly all iron lines, many of 
which are very prominent. Con¬ 
tinuous spectrum nob too strong 
to admit of the lines being well 


3816*5 

3813*0 

3815*97 

3813*12 





3800 

3799*68 




seen 


3795 

3795*13 




l 


3788-2 

3788-01 






87675 

3767-31 

3767*5 





3764-0 

3763*9 

3764 





3758-4 

3758*36 

3758-4 

3758-4 




/ 3749-51 

3749*61 






13748-5 / 

3748*39 

3748*5 

37485 




3745*9 

3745*67 

3745-9 

3745*9 




3743*5 

374345 






3737*4 

3737-27 

3737-4 

3737-4 




3735*0 

3735 00 

3735 

3735 




3733*5 

373346 





M 

3727*8 

3727-781 
3727-13 / 

3727-8 





3722*8 

3722-69 

3722-8 

3722-8 




3720*0 

3720 07 

3720 





3709 

3709-37 






3707*7 

3705*5 

3708 03 
3705-70 

3705-5 

3705-5 


>Well defined strong lines 


3687*5 

3687-58 

3687-5 





3682*3 

3682-35 

3682-3 

3682-3 




3680 

368003 






3648 

3647-99 

3648 

3648 

< 

| 


3631*5 

3631-62 

3631-5 

3631-5 




3619 

3618-92 






3609 

3608-99 

3609 





3585*5 

3585-43 





N 

3581*5 

3581-82 

3581-5 

3581-5 




3570 

357023 

3570 

3570 




3566 

3565-5 

3566 





3526*5 

3526-51 




r>Well defined but weak lines 


3498 

3497-92 





3491 

3490-65 

3491 

3491 




3477 

3476-75 






3475 

3475-52 

3475 

3475 



0 

3466 

3465-95 

3465-95 

3465-95 



3441 

3441-07 

3441 

3441 




3380*8 

3380 17 




P 

3361*5 

(3361-30) 




In Bessemer and solar spectra 
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The Constitution of the Bessemer Spectrum. 

It will be readily understood from the previous investigations of the flame-spectra 
of iron, manganese, spiegel-eisen, ferro-manganese, silico-spiegel, tool-steel, pure man¬ 
ganic oxide, carbon, carbonic oxide, and cyanogen, that the Bessemer-flame spectrum 
is not characterised especially by the bands of carbon, as would be the case according 
to the views of Roscoe, nor of carbonic oxide according to Lielegg and Kupel- 
wieser, nor does it belong entirely to manganese as indicated by the observations of 
Brunner, von Lichtenfels, and Wedding ; furthermore, it cannot be attributed 
chiefly to manganic oxide, as stated by Watts. It is, in fact, a complex spectrum, 
in which the bands of metallic manganese, carbon, carbonic oxide, and cyanogen, 
possibly also of manganic oxide, are superposed ; and the lines of iron and manganese 
occur with those of other elements, such as hydrogen, lithium, potassium, and sodium. 
The hydrogen line (C in the solar spectrum) was photographed only once, and then 
during a snowstorm, when it appeared completely reversed. No absorption bands 
were at any time visible when observations were made upon the flame only. No 
nitrogen bands were seen. No bands belonging to calcium and magnesium oxides 
were visible, nor lines of these elements. No cobalt, nickel, copper, nor chromium 
were detected. The lines beyond the solar line K, which had hitherto not been 
examined, are nearly all lines of iron, as mapped by Cornu and Rowland in the 
solar spectrum, and observed in the arc-spectrum of iron photographed by Kayser 
and Runge. 

Cause of the Non-appearance of Lines at the Commencement and Termination of 

the “ Blow." 

Silliman detected thirty-three lines in the Bessemer-spectrum ; some of Ltelegg’s 
lines were not observed, and others which he did not record were found. Dark bands 
were observed, crossed by bright lines; and it is suggested that the brilliant lines 
tend to make a weak continuous spectrum appear discontinuous, the dark bands being 
merely intervals between the bright ones. The iron spectrum had not been satisfac¬ 
torily identified. According to Silliman’s statement, “ the Bessemer-spectrum 
contains yet many mysteries to be solved, among which is the cause of the non- 
appearance of the lines of the spectrum at the beginning and termination of the 
‘blow.’” 

Wedding accounted for the absence of the spectrum at the beginning and termina¬ 
tion of the ** blow” by the absolute quantity of the substance volatilized being at 
these times too small to produce a spectrum. (“ Das Spectrum der Bessemer flamme.” 
* Zeitschrift ftlr das Berg- Htitten- und Salinen-wesen,’ vol. 27, p. 117, 1869.) He 
based his view upon the fact, recognized by Simmler, that a much larger quantity of 
manganese is required to obtain a recognisable reaction in the flame than that which 
can be detected by the well-known blowpipe test with carbonate of soda. In the 

MDOOCXOIV.—A. 6 X 
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Bunsen flame, g^rd of a milligramme of manganese can be detected (Simmler) ; but 
the quantity of alkalies is much smaller—as, for instance, soVfftb of a milligramme of 
potassium, Ta-g- ^oft th of lithium, and n 7 < r dV,ffg 7 >t'h of sodium (Kirchhof). The 
flame spectrum of manganese is almost entirely a banded spectrum, the peculiarities 
of which had not been investigated at that time. 

Silltman had urged against this view of Wedding :—1st. If the disappearance of 
the manganese lines in the Bessemer spectrum be owing to the diminution of the 
quantity of manganese, we should infer that these lines would gradually grow more 
indistinct, and then fade away; but the fact is the contrary—the manganese spectrum 
increases in brilliancy from its first appearance, and is more intense just before being 
swept away than at any other time. The analysis of the fume which appears when 
the flame ceases, proves that a considerable quantity of manganese is still volatilized ; 
and it is notable that in manganiferous iron this quantity increases towards the close 
of the “ blow.” 2nd. It would be more difficult to account by this theory for the 
non-appearance of the sodium line at the beginning of the “ blow,” as sodium then, in 
all probability, exists in the issuing gas in sufficient quantity to produce its spectrum 
at a high temperature, as it is only by special precautions that we can keep it out of 
any flame. 3rd. A still greater difficulty would arise in applying this theory to the 
spectra of sodium and lithium at the close of the “ blow.” As has been stated, these 
lines sometimes disappear at the moment of complete decarburization, and sometimes 
remain. In the former case to say that the sodium had been exhausted would not be 
in accordance with what we know of that element. 

Wedding based his explanation of the non-appearance of the manganese lines upon 
the analysis made by Brunner. It was found that the manganese contained in the 
iron fell from 3*46 per cent, in the pig to 1*645, 0*429, and finally to 0*113 per cent, 
in the decarburized product; and that the manganous oxide in the slag first increased 
from 37'00 to 37*90 per cent., and then sank to 32*23 per cent.; and, furthermore, 
that a certain amount of manganese is to be found in the fume. 

SitiLlMAN states that since the manganese contained in the pig iron decreases con¬ 
tinuously, and that contained in the slag after the termination of the boiling period 
also decreases, a considerable volatilization of this body is probable, just at the time 
when the spectrum is best developed. Wedding found from Brunner’s analysis 
that some of the manganese is volatilized from the slag, and it was further considered 
that the manganese spectrum during the entire process cannot be due wholly to the 
volatilization of manganese directly from the iron ; for while the amount eliminated 
from the iron grows continually less, the manganese spectrum grows brighter. If 
there were a sufficiently large quantity of carbonic oxide flame to render the escaping 
gases glowing, it is evident they would not issue from the converter as dark smoke, 
but as incandescent vapour, having its characteristic spectrum. The lank of sufficient 
flame may therefore account for the disappearance of the manganese spectrum. 

Against Siliaman’s criticism of Wedding’s arguments it may be urged that, 
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because the proportion of manganese decreases in the “ pig,” and that contained in 
the slag after the termination of the “ boil ” also decreases, it does not necessarily 
follow that the actual quantity of manganese in the slag is diminished. Data are 
wanting which would enable us to decide how much manganese is volatilized, since 
we do not know the absolute quantity of slag and iron. 

Brunner’s analyses do not appear to me to prove that the absolute quantity of 
manganese in the Blag diminishes or increases during the “ boil,” since manganese 
is not the sole basic constituent of the slag. This question was considered by 
Marshall Watts who, in experiments both at Crewe and at Barrow, always 
observed a difference between the ordinary Bessemer spectrum as seen at Crewe and 
that of spiegel-eisen. The difference, which consisted in a relative intensity of the 
lines, was so great that it was not at first perceived that the spectra were in any way 
the same. At Barrow this difference in the spectrum was not seen, the spectrum of 
spiegel-eisen being identical with that of Bessemer metal, only more intense. The 
ordinary Bessemer spectrum at Barrow was identical with the spiegel spectrum at 
Crewe. The difference between the Barrow and the Crewe spectra was attributed 
by Watts simply to a difference in temperature. It was stated, however, that it 
might have been connected with a difference in composition of the metal operated 
upon. Experiments made on the temperature of the flame showed that at the 
commencement it was below 1300° C., but it gradually rose without reaching 
2000° C. 

From a study of my photographs it appears certain that the whole phenomenon is 
primarily due to rise of temperature, which takes place rapidly and continuously 
during the “ boil,” while at the same time an increasing quantity of carbonic oxide 
escapes from the converter. The bath of metal is first heated by the oxidation of 
the manganese and silicon. Such oxidation produces an enormous amount of heat; 
first, because the heat of combustion of these elements is very high; secondly, 
because the products of combustion are solid, or at high temperatures liquid, and 
carry none of the heat away. This appears to have been first recognised by 
Lieutenant Dutton, U.S.A., in 1871. (‘Chem. News.,’ vol. 23, p. 51.) Then the 
carbon burns and yields a large amount of heat to the metal, the hot metal heats the 
blast which passes through it, and so increases the rapidity of combustion of the 
carbon, which serves again to raise the temperature of the metal. The gaseous 
contents of the converter are carbonic oxide and nitrogen, and within this atmosphere 
the manganese and iron are vaporized, but not oxidized. 

It may be easily understood that the temperature continues to rise until near the 
termination of the “ boil,” because the temperature of the bath of metal increases, 
and consequently the temperature of the blast as it escapes from the metal increases, 
so that the temperature of the combustion of the carbon and also of the carbonic 
oxide is higher. We are, in fact, dealing with combustion under similar conditions to 
those in a Siemens furnace on the regenerative principle. 

6x2 
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That the spectrum remains at its brightest until the end of the “ fining stage,” 
I conclude, from the evidence of my photographs, is certainly not the case. Even 
the eye can detect a waning in the brilliancy of the spectrum. 

See Bessemer photographs 8 and 10, taken at Dowlais; of the six spectra on 
Plate 8 the fifth is by far the strongest. The fourth and sixth are much the same as 
regards manganese, but the sixth is much stronger in iron lines, and also has a 
stronger continuous spectrum. 

On Plate 10 there are nine spectra, each of which received an exposure of half a 
minute, the first and last of these are the weakest. 

In confirmation of this the detailed statement may be quoted which refers to these 
particular plates. 

April 6th, 1893, old Bessemer plant.—Dowlais, grey pig iron, containing not less 
than 2 per cent, of silicon and 3£ to 3f per cent, carbon, was being blown for tin¬ 
plate iron in quantities of 10 tons. The position of the instrument was just about 
4 feet above the mouth of the converter and about six feet away from it. The blast 
was turned on at 12 o’clock until 12.5 p.m. ; the flame contained nothing but the con¬ 
tinuous carbonic oxide spectrum, with the usual alkali metals, but at 12.5 P.M. the 
manganese bands began to flash out. The first exposure was at 12.7^ P.M. until 
12.81 p.m. 

1). ID. S. h. Ill. S. t 

‘2nd exposure from. 12 8 30 to 12 9 40 


3rd „ „. 12 9 40 „ 12 10 10 

4th „ ..12 10 10 „ 12 11 10 

5th „ „.12 11 10 „ 12 14 10 

6th „ „.12 15 0 „ 12 17 0 


The flame was perfectly transparent at the highest temperatures, and it was 
possible to look right into the converter and see the fluid slag thrown up against the 
mouth and drop back into the vessel. 

This fact is to be noted, the fourth spectrum had an exposure of exactly a minute, 
while the sixth had two minutes; as regards the manganese bands the spectra are 
much alike, but in carbonic oxide and in iron lines the sixth is much the stronger 
spectrum. This shows that the quantity of manganese vapour was decreasing, but • 
the quantity of iron vapour was increasing. 

Though the fifth spectrum received an exposure half as long again as the sixth, the 
spectrum is much more than twice as strong. 
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Plate 10. Dowlais. April 6th, 1893. 

The same pig iron blown for tin-plate metal as before. 

“ Blow ” commenced at 12.45 p.m. 

“ Blow ” interrupted at 12.49 „ 
Blowing re-commenced at 12.55 p.m. 


h. m. s. h. m. s. 


1st exposure at . . . 

. 12 

50 

30 

to 

12 

59 

30 

2nd ,, 

.12 

59 

30 

» 

1 

0 

30 

3rd „ D ... 

.1 

0 

30 


1 

1 

30 

4th „ „ , . . 

.1 

i 

30 


1 

2 

30 

5th „ „ . . . 

.1 

2 

30 

n 

1 

3 

30 

6th „ „ . . . 

.1 

3 

30 

»» 

1 

4 

30 

7th „ „ . . . 

.1 

4 

30 

>> 

1 

5 

30 

8th „ „ . . . 

.1 

5 

30 

>> 

1 

6 

30 

9th „ „ . . . 

.1 

6 

30 


1 

7 

30 

10th ., „ . . . 

.1 

7 

30 

>> 

1 

8 

30 

Hth „ . 

. 1 

8 

30 

>» 

1 

9 

0 


The first and last spectra are exceedingly feeble, showing scarcely any spectrum. It 
is true that No. 11 received an exposure of only half a minute, as against one minute 
for all others, but this would not account for the very feeble spectrum as compared 
with the very strong one of No. 10, and the much stronger No. 9. 

It is evident that the manganese bands are disappearing and the iron lines are 
becoming more prominent. As soon as all the carbon is burnt the temperature must 
fall very rapidly, because the principal combustible left is the iron, and its heat 
of combustion is comparatively low ; the high temperature of the metal would there¬ 
fore not be long maintained, and the blast would very soon, under these conditions, 
cool the metal, so as to solidify it, as we know is really the case when “ skulls ” 
are formed. 

The metallic vapour within the converter, as soon as the atmosphere ceased to be 
composed of carbonic oxide in excess, would be converted into oxides and produce 
fume. 

Greiner has described the manufacture and uses of a Bessemer steel from pig iron 
containing phosphorus and a large quantity of manganese.* 

The following figures show the composition of the pig iron used and the steel 
obtained from it at Zwickau. 


• 4 Revue Universelle,’ vol. 35, p. 623, 1874. 4 Dinqler’s Polytech. Joum.,’ vol. 217, p. 33, 1875, and 
4 Journ. Chem. Soc.,’ vol. 1, p. 454,1876. 
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Pig iron. 

Steel. 

Si .... 2*5 per cent, 
g 004 

P .... 0*1 to 0*12 per cent. 

Mn .... 2*6 „ 4*0 

O .... 8*5 per cent. 

Si .... 0*4 to 0*7 per cent. 

S . . . . 0*06 per cent. 

P .... 0*1 to 0*15 per cent. 

Mn .... 0 4 „ 0*7 „ 

C . . . . 0*15 per cent. 


The indication of the close of the process differs from that in ordinary work, for 
whereas the spectroscope usually gives distinct indications during the “ fining stage,” 
with manganiferous pig it is much more difficult to make use of it to advantage. 

The excessively brilliant flame due to the combustion of manganese vapour 
necessitates the use of dark blue glasses to protect the eyesight of the operator. 
"When the metal is decarburized a thick smoke of brown oxides rises out of the bath, 
and finally becomes so dense that it hides all other indications. But before this 
moment has arrived the lines in the blue disappear, the bands in the green grow 
weaker and then disappear, while those in the yellow become weaker. When all 
the bands have vanished the spectrum becomes continuous. 

The blast is continued for a minute or two longer to decarburize the metal as 
completely as possible, and a sample of slag and metal is removed from the converter 
by thrusting a wrought-iron bar into the bath ; from the appearance of these samples 
the nature of the metal is ascertained. 

This brown smoke of oxides has been noticed by Dr. MUller, of Osnabrtick (‘Le 
G6nie Civil,’ vol. l,p. 25,1880), when the converter is inclined so that some air passes 
over the surface of the bath of metal; it is, therefore, due to oxidation. 

I have observed such fume to be produced in enormous volumes when the charge 
has become too hot, and the converter is turned down during the “ boil,” so that the 
blast instead of passing through the molten metal passes over its surface and sweeps 
out the vapours of iron and manganese. Clouds of foxy-red smoke produced in this 
manner I have seen rise to a height estimated to be at least 200, and even 300 feet. 
The smoke is composed of little spherular particles containing oxides of iron and 
manganese. 

There can be no doubt that Wedding was, in the main, correct in considering that 
the non-appearance of the lines of manganese at the commencement and termina¬ 
tion of the “ blow” is owing to the fact that the quantity of material volatilised at 
these periods is insufficient for the production of a spectrum; but it may also be 
due, at the close of the process, to the oxidising atmosphere within the converter. 

The spectroscopic phenomena of the blow are undoubtedly determined by the 
chemical composition of the gaseous contents of the converter and of the bath of 
metal, the temperature of the metal, and of the issuing gases. The effect of rise of 
temperature is to increase the volatilisation of manganese and iron. 
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Diagram I. 



Diagram II. 


Percent. 



Diagram TIL 



Diagrams I. and II. are drawn from analytical data given by G. J. Snei.us, 1 Chemical News,* vol. 24, 
p. 159, 1871. Diagram III. from analyses quoted by Brunner, * Oesterreichische Zeitschrift fur 
Berg- tmd Hutton-weson/ p. 227, 1863. 
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An explanation of thiB will be facilitated by reference to three series of curves. 
The first is reduoed from the analyses of Mr. G. J. Sneltjs, F.B.S., who gave the 
original composition of pig iron blown, and of the metal in the converter at different 
stages in the process; the second series is from the analyses made by the same 
chemist, of the gas issuing from the converter at different periods. The third series 
of curves is drawn from the analyses of metal taken from the commencement until 
the termination of the “ blow ” as quoted by Kupelwieser. The pig iron in the 
latter case was highly manganiferous. 

It will be seen from Diagram I., that the pig-iron contains very little manganese, 
and that this is oxidised immediately during the first six minutes. A small propor¬ 
tion of combined carbon is oxidised at the same time. The larger proportion, 
however, of this element is in the form of graphite, and this is converted into 
combined carbon. The combined carbon is then oxidised, and the oxidation proceeds 
with increasing rapidity. The silicon at the same time also oxidises, and the 
oxidation of the two elements proceeds together rapidly during the “ boil,” until 
during the “ fining stage ” there is little of either left. Comparing these results with 
the composition of the issuing gas, what do we find? First in the slag-forming 
stage, when the lines of the alkali metals are not yet visible in the spectrum, the 
carbon oxidised is all converted into carbon dioxide. But the temperature rises, 
and there is a production of carbonic oxide, a gas which, according to Sir I. Lowthian 
Bell, has a greater stability in presence of iron at elevated temperatures. At this 
period the lines of the alkali metals are seen. The gases of the converter, under 
such conditions as exist during the “ boil,” are those of a reducing atmosphere. 
Oxidation of combined carbon to carbonic oxide then continues until near the close of 
the “fining stage,” and it will be noticed that oxidation proceeds with increased 
activity. If we consider that the temperature of the metal at the commencement 
of the “ blow ” is no higher than that of the melting point of cast iron, that free oxygen 
passes through it and carbon dioxide is evolved, there can be no doubt that the 
temperature is insufficient to volatilise manganese if it be present, and, therefore, no 
spectrum of this element is visible. 

When manganese cannot be vaporised, iron certainly cannot. Even the alkali 
metals are not carried out of the converter for some five or six minutes. When the 
gases are largely composed of carbonic oxide, and a higher temperature prevails, the 
alkali metals are volatilised, and the principal lines of sodium and potassium are 
observed during different periods up till the termination of the “ blow.” Why the 
red and violet lines of potassium are not visible is, no doubt, owing to the overpower¬ 
ing brilliancy of the other portions of the spectrum, and not because they are absent. 
The best evidence of this is, that on plates specially sensitised, the red line appears, 
and in every case the violet lines have been photographed. 

The curves reduced from Kufelwieser’s analyses are very different in detail, 
though the same in general effect. 
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The leading difference is owing to the composition of the metal being that of a 
highly manganiferous iron, containing much carbon and silicon. 

Here we have manganese oxidised from the first, but at a low temperature; the 
silicon is also oxidised, and a slag is formed from the resulting materials. The 
combined carbon, the silicon, and the manganese, are oxidised together during the 
“ boil,” when the temperature rapidly rises. The effect of this is to volatilise both 
manganese and iron, and the gas of the converter constituting a reducing atmosphere 
at a high temperature, carries the metals out of the converter, where they are burnt 
in air along with the carbonic oxide. Towards the close of the “ fining stage ” the 
manganese in the fume is reduced in quantity and the iron is increased, so that the 
lines of the one give place to those of the other metal. 

Suddenly the iron spectrum also becomes enfeebled, and the “ blow ” is stopped. 
Without doubt we have, at this point, a very rapid diminution of temperature, 
because the only combustible material left is iron, and its heat of combination is 
comparatively small. 

The Bessemer flame is not the result of combustible gases and vapours being mixed 
with oxygen and burning within the converter, and thus, in a state of combustion, 
issuing into the air; but on the contrary, it is a flame of carbonic oxide at an 
exceedingly high temperature burning outside the converter in a cold atmosphere. 


The Temperature of the Bessemer Metal and of the Flame. 

Various attempts were made by Watts to determine the temperature of the flame, 
and he concluded that, though it was above the melting-point of gold, it was below 
that of platinum. 

According to some recent measurements made by Le Chatelier (‘ Comptes Rendus,’ 
vol. 114, p. 670), the temperature in the Bessemer converter during the “boil” is 
1330° C., at the finish 1580° ; while the steel in the ladle is at 1640° C. The scale of 
temperatures adopted was that of Violle, viz. :— 

Melting-point of gold. 1045° C. 

,, ,, palladium. . . . 1500° C. 

,, ,, platinum . . . . 1775° C. 

We have no measure of the temperature at the hottest period of the “ boil,” and 
unless the metal in the converter is cooled during the last minute of the blow, which 
my photographs clearly indicate, it is difficult to understand how its temperature 
could be raised by the addition of the cooler spiegel-eisen at the conclusion of the 
process of decarburization, and the still cooler ferro-manganese which is added while 
at only a red-heat. The rise of temperature at this period could be accounted for by 
the short “ after-blow” of a few seconds, which is intended merely to mix the two 

MDCCCXCIV.—A. 6 Y 
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kinds of metal, but in no case could it exceed the temperature of the ** boil,” or that 
moment when the spectrum is most intense. 

It must be remembered that the composition of the pig iron used, and the more or 
less rapid rate at which it is blown, undoubtedly influence the temperature. The 
greater the mass of material operated upon, the greater will be the rise in tempera¬ 
ture. For instance, a greater heat evolution and a higher temperature would result 
from the combustion of 10 cwt. of silicon in 12 tons of pig iron during a blow of 
12 minutes, than from 1 cwt. of silicon in 5 tons of pig iron blown for 20 minutes. 
There is one significant fact to be observed in the spectra of the flame photographed 
during the “ boil” and the “ finishing stage” which bears upon the temperature of the 
metal. When the oxyhydrogen-flame spectra of manganese, manganic oxide, iron, 
and ferric oxide are photographed, the number of the lines and bands in the spectra 
are not more numerous than with a Bessemer flame spectrum of only one half minute’s 
exposure, though the above spectra may have received any exposure from 30 to 80 
minutes. 

Marshall Watts observed (‘Phil. Mag.,’ 1870) that the sodium lines 5681 and 
5687 may be employed as an index of temperature, since they are present in the 
spectrum of any flame containing sodium the temperature of which is hot enough to 
melt platinum, but do not appear at lower temperatures. The Bessemer flame does 
not show this double line, but only the 1) lines; neither does it show the lithium 
orange line, which appears at a somewhat lower temperature. 

We cannot conclude from this that the flame is not hot enough to produce these 
lines, because in such a case we have to deal, not only with the temperature, but the 
quantity of material present, and the relative brilliancy and consequent visibility of 
the two pairs of sodium lines. 

The proportion of sodium in the Bessemer flame is evidently very small, from the 
narrowness and want of intensity of the D lines, and the fact that they were not seen 
reversed in any spectrum. Hence, though the temperature may be high enough, the 
quantity of material present is not sufficiently large to yield the lines 5681 and 5687. 

The quantitative relations of the different lines have really not been investigated in 
flame-spectra, except and alone so far as they apply to total extinction of all linos, 
which in the case of sodium refers to the D lines only, and this in flames no hotter 
than that of a Bunsen burner. If we apply the same line of reasoning to the appear¬ 
ance of the reversed hydrogen lines in the red and the blue, it may be stated that the 
line in the red, corresponding to solar line C, never appears in any hydrogen or hydro¬ 
carbon flame burnt with air or with oxygen. It invariably appears in sparks passed 
through steam, and it also comes out as a reversed line under suitable conditions in 
the Bessemer spectrum. 

The conditions of its appearance do not depend upon an alteration in temperature, 
but on the presence of a sufficient amount of water-vapour in the blast. 

This certainly seems to point to a higher temperature than that accorded to the 
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flame by Watts. Finally, we have this striking fact to consider: when slag from the 
converter is ignited at the highest temperature of the oxyhydrogen blowpipe, the red 
potassium, the red lithium, and the yellow sodium lines are present exactly as they 
are seen in the Bessemer-flame, but neither the orange lithium line nor the sodium 
pair 5681, 5687 appear; yet there must be a maximum amount of alkalies in the slag, 
or in other words all the alkali metals in the charge are concentrated in the slag— 
this maximum, however, being an extremely small quantity. 

It is worth while to take into account the heat of combustion of the elements in 
pig iron which are removed during the “ blow,” and calculate, so far as data are avail¬ 
able, the absolute heating effect of their oxidation. Any calculations of the kind 
must necessarily be incomplete, owing to the specific heats of gases at high tempera¬ 
tures being undetermined, though these have been lately investigated by Beb.thei.ot 
and Vieillf.,* also by Mallard and Le Chatelier.+ The specific heats of molten 
iron and of ganister and slag are also wanting. 

The Combustible Elements in Pig Iron, with the Compounds formed, and their Heat 
of Combination (‘ Lemons sur les Metaux,' A. Ditte). 


The names of the authorities are indicated as follows :—A., Andrews ; T. and IT., 
Troost and Hautefeuille ; F. and S., Favre and Stlbermann ; T., Thomsen ; 
B., Bertholt.et ; G., Grasse 


Elements. 

Atomic 

mass. 

Kilo, hoat-units 
developed from 

1 grm. atom. 

Compound 

formed. 

Kilo, heat units 
developed by 

1 grm. of each 
element. 

Authority. 

Cu 

63*4 

420 

Cu 2 0 solid 

0*662 

T. 

Mn 

55*0 

94*8 

MnO „ 

1 72 

T. 

Si 

28*4 

219*2 

SiO, ,, 

7*7 

T. and H., B. 

c 

120 

29*4 

CO gas 

2*45 

F. and S., 

Ct., a., t., b. 

s 

320 

69*2 

SOo „ 

2*2 

F. and S., T., B. 

p 

31*0 

363*8 

PoO, solid 

,, 

T. 

Fe 

- 

56*0 

69*0 

FeO 

1*2 

T. 


In five tons of pig iron there are 5,080,240 grms. Let the composition of a pig iron 
be that which was quoted by Brunner, viz.:— 


be that which was quoted by Brunner, viz.:— 

Mn .... 3 ‘ 4 6 per cent.— 175,776 grms. 

C.3’18 „ as graphite 

Si.196 ..= 99,573 „ 

C.0'75 „ as combined carbon 

Total carbon = 3*93 „ ... \ ... = 199,653 „ 


* ‘Ann. de Chim. et de Phys.,’ 6 ser., vol. 4, p. 66, 1885. 
f ‘ Journ. de Phys.,’ 2 ser., vol. 4, p. 59,1885. 

G Y 2 
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Kilogramme Heat-units evolved by the Combustion of the above Materials. 


Kilo, heat-units Total kilo, heat- 
Grms. evolved by units evolved by ea 

1 grm. element. 

Mn. 175,776 X 172 = 302,335 

C. 199,653 X 2'45 = 489,150 

Si. 99,573 X 7 7 = 766,712 


1,558,197 


Kilogramme heat-units evolved by the combustion of the manganese, carbon, and 
silicon in five tons of pig iron = 1,558,197. 


Grammes of Impurities eliminated from Five Tons of Pig Iron in the form of Gaseous 
Carbon Monoxide, solid Silica, and Manganous Oxide. 


Grms. 

Oxygen, grms. J Nitrogen, grms. 

CO = 405,857 

SiO a = 211,768 

MnO = 226,911 

266,2041 ! 

112,195 > j 1,437,194 

51,135 J | 


Specific Heats for Equal Weights. 

CO ... . 0 245 Fe . . . . 0*11379 

N. 0-2438 Mn. . . . 0*1317 

Si.0-175 


Specific Heat of the Materials in the Converter and of the Products of Combustion. 

Grm.. Sp Heat. Jgj,* 

of iron. 4,605,238 X 011379 = 524-0 

CO. 465,857 X 0-245 = 114-1 

N. 1,437,194 X 0-2438 = 350*4 

silica. 211,768"! These two substances form 

manganese oxide . 226,911 J a slag. 

The specific heat of glass, perhaps, approximates more closely to that of the slag 
than that of any other substance which has been determined. This is higher in the 
molten than in the solid state. 

Sp. Ht. Sp. Ht. 

At 212° F. — 0177: at 572° F. = 019. 


Weight 

99 

99 

99 

99 
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The weight of the silica and the manganese oxide— 

' Sp. Ht. kilo, heat-tinita. 

= 438,679 grins, x 0‘19 = 83’3. 


The total kilo, heat-units developed by combustion in the converter amount to 
1,558,197, and the specific heat of the iron and the products of combustion, with also 
the nitrogen in the air, amounts to 1071‘8 kilo, heat-units, and the pyrometrical 
effect is 




1558197 

1071-8 


or 1454° C. 


The temperature attained, according to the foregoing calculations, amounts to 
1454° C. above that of the molten cast iron. This, however, is the theoretical value ; 
we must allow for the specific heats of the gases, the metal, and the slag being 
greater at the elevated temperatures than at the temperatures at which the numbers 
representing specific heats were determined. 

The specific heat of the converter must be considerable, but it must be remembered 
that it is already heated to the temperature of the molten metal. 

But even if we allow that 50 per cent, of the heat is absorbed or conveyed away, 
then we should have the temperature 727° C. above that of the molten pig iron, and 
thus with grey iron at 1220° C. the metal may acquire a temperature of more than 
1947° C., which is above the melting point of platinum. 

Judging by the number of lines and bands belonging to iron and manganese which 
have been photographed in the spectrum of the Bessemer flame, the temperature 
must nearly approach that of the oxyhydrogen flame, even if it does not exceed it in 
certain cases at the highest temperature of the “ boil.” At Dowlais, for instance, 
where the metal, which is very rich in silicon, carbon, and manganese, is just tapped 
from a hot-blast furnace and conveyed by rail in ladle to the converters, it is 
probably hotter at the commencement of the “ blow ” than if cold pig iron had been 
merely melted in a cupola. 

The parallel columus below show the number of lines observed in the spectra of the 
respective substances under different conditions :— 


Bessemer flame. 

CO spectrum, 8 lines and edges of bands. Ex¬ 
posure to 3 minutes 

Mn spectrum, 73 lines and edges of bands. 
Exposure $ to 3 minutes. 

Fe spectrum, 92 lines. Exposure ^ to 3 
minutes. 


Carbon monoxide burnt with oxygen . 

CO spectrum, 16 lines and edges of bands. 
Exposure 60 minutes. 

Oxyhydrogen blow-pipe flame. 

Mn spectrum, pure metal, 103 lines and edges 
of bands. 

Fe spectrum, 92 lines. Exposure from 15 to 
30 minutes. 


The temperature is to be judged by the iron lines, because there is a smaller 
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difference in the proportion of the metal present in the two cases than in the case of 
the carbonic oxide and manganese. It is a striking fact that the Bessemer flame 
required a much shorter exposure than the oxyhydrogen blow-pipe flame, but the 
volume of flame is much larger; on the other hand, however, it is not so close to the 
instrument. 

The following quotation* is of particular interest in connection with the temperature 
of the Bessemer “ blow ”:— 

“ Les m4thodes pyromdtriques, dont j’ai entretenu it diverses reprises l’Acaddmie, 
m’ont permis d’effectuer la mesure precise des temperatures developpdes dans les 
foyers industriels. Les rdsultats ainsi obtenus sont, pour certaines industries, en 
contradiction absolue avec les estimations faites antdrieurement, et ne seront sans 
doute pas accepts sans contestation. Je serais heureux si leur publication pouvait 
provoquer des experiences contradictoires sur le meme sujet. 

“Les temperatures donnees ici sont bien inferieures it celles qui sont le plus 
gendralement admises pour les industries en question : 2000° pour l’acier; 1800° pour 
la porcelaine; 1200° pour le gaz d’dclairage. L’exag4ration de ces derniers chiffres 
tient it plusieurs causes. Entre differentes determinations de temperatures non con- 
cordantes, on choisit de preference les plus dlevees, par suite d’un sentiment instinctif 
qui conduit it admettre une quasi-proportionnalite entre la temperature d’un corps et 
son 4clat ou la quantite de combustible depense pour l’echauffer, tandis qu’en realito 
ces deux grandeurs croissent suivant une fonction extrdmement rapide de la tem¬ 
perature. En second lieu, le procede le plus frequemment employe jusqu'ici dans 
l’industrie pour les mesures pyrometriques, a ete la methode calorimetrique, en se 
servant des morceaux de fer dont on supposait it tort la chaleur specifique invariable. 
Enfin des causes d’erreurs particulieres sont venues fausser des comparaisons dans 
lesquelles on utilisait le point de fusion du palladium ou du platine. Ainsi la tem¬ 
perature du Bessemer avait 6te fixe par Langley it 2000°, parce que le platine 
paraissait fondre rapidement dans sa flamme. J’ai reconnu qu’il ne fondait pas, mais 
se dissolvait dans les gouttelettes d’acier fondu entraine par le courant gazeux. De 
meme, le palladium passe pour fondre dans differents fours oh en r4alite il se 
trausforme, sans fusion, en une mousse spongieuse, par le fait d’hydrogenation ou 
d’oxydation passag&re.” 


The cause of the Appearance of the Manganese Spectrum in all cases during the 
“ Boil ” and until the close of the “ Fining stage.” 

There is one fact which requires to be explained in connection with the spectrum of 
the Bessemer flame. How can the characteristic lines and bands in the Bessemer 

* Le Chatelter, “ Sur les temperatures developp&s dans les foyers industriels,” ‘ Comptes Rendus,’ 
rol. 114, p. 470. 
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spectrum be accounted for in all cases if they are not due to carbon or to carbonic 
oxide but to manganese 1 On an examination of the curves drawn from the analyses 
of Snelttb it will be observed that all the manganese is burnt out of the molten metal 
within the first few minutes and converted into slag. It is obvious that the 
manganese bands cannot in these circumstances proceed from the bath of metal up 
to the end of the “ fining stage ” if the quantity required to give a marked indication 
of them is comparatively large. The sole source of the manganese bands must be a 
quantity of metal reduced from the slag, this reduction cannot take place at once, but 
is the result of a continously increasing temperature and the chemical action of 
reducing materials such as ferrous carbide, carbonic oxide, and possibly metallic iron. 

In order to ascertain whether slag could be reduced and give rise to the charac¬ 
teristic spectrum of the Bessemer flattie, a piece of slag from the works at Crewe was 
heated by the oxyhydrogen blow-pipe both in the inner and outer flames, that is to say, 
where in the latter case reduction could take place by dissociation by heat alone, but 
in the former it might be aided by chemical action of the excess of hydrogen. The 
photographs obtained were strikingly like those from the Bessemer flame at Crewe. 

Comparing it with ferro-manganese, we have band for band belonging to manganese, 
and line for line in the iron spectrum, exactly reproduced. There can be no doubt 
whatever that both iron and manganese are freely volatilized from the slag. Con¬ 
sidering the small proportion of manganese in haematite pig, and the fact shown 
in Diagram I, that the manganese in such metal is all converted into slag during the 
first five or six minutes, it is evident that the continued brilliancy of the manganese 
spectrum during the “boil” must be entirely due to its vaporization from the slag. 

In order to connect the disappearance of this spectrum with the* chemical change 
involved in the decarburization of the iron, we must consider the falling off in intensity 
of the line spectra during the close of the “ fining stage,” before the final drop of the 
flame, and it will be seen that this can clearly be due to no other cause than a fall of 
temperature, consequent upon a reduction in the quantity of carbon burnt. The 
thinness, transparency, and want of brilliancy in the flame at this period is due to 
the comparatively small quantity of carbonic oxide in the issuing gas; the final drop 
being caused by an escape of oxygen into the vapours and gases within the converter, 
which is signalized by a cloud of fume. The removal of the carbon from the metal 
causes the disappearance of the manganese bands. 

Let us now consider the case of the Dowlais “ blow.” 

The spectrum of the flame in this case resembles strongly the spiegel-eisen spectrum, 
and those of metallic manganese and ferro-manganese. There can be no doubt that 
manganese is vaporized in the bath of metal, and hence the large number of bands, 
their distinctness, and great brilliancy. The diagram of Kupelwieser’s analysis will 
make this plain, for here we have an excess of manganese in the iron, which, though 
oxidized during the “slag-forming period,” continues to be vaporized during the 
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whole remaining period of the blow, this metal being of similar composition to that 
blown at Dowlais. 

It must, however, be remembered that the higher temperature at Dowlais would, if 
acting upon manganese slag, produce a spectrum more similar in character to that 
obtained from ferro-manganese or spiegel-eisen than that obtained at Crewe, but the 
iron lines in these circumstances would also be stronger. 

The connection between tbe termination of the blow and the drop of the flame is 
to be explained exactly as in the case of the spectrum at Crewe, the difference in the 
two spectra being due to the quantity of vapour of manganese in the flame. 

The Technical Aspect of this Investigation. 

* 

Long experience has shown that in England, in Styria, and at Seraing, in Belgium, 
the use of the spectroscope has rendered substantial service in determining the end of 
the operation in the Bessemer converter, notwithstanding that the nature of the 
spectrum observed was not accurately ascertained, nor the cause of its production 
well understood. The reason of this is not far to seek, when we consider that towards 
the close of the “ fining stage” the indication is particularly distinct, for it culminates 
in the disappearance of the bright lines and flutings of manganese, whether these 
proceed from the presence in the flame of material vaporized directly from the metal 
itself, or from the slag which is formed from the oxidation of elements contained in 
the metal during the first period. The quantity of grey cast iron, of spiegel-eisen, or 
ferro-manganese, which is finally added, determines the hardness of the steel, and the 
composition of the added material is ascertained with exactitude by means of frequent 
analyses. 

By this means a metal is obtained which is much more constant in composition than 
when the process is interrupted before the completion of decarburization, and when, 
after the result of a test of the metal, spiegel-eisen is added and blowing is resumed 
for a few minutes. It was the aim of managers of steel works in the early days of 
the process to cease blowing before complete decarburization, in order that the neces¬ 
sary proportion of carbon might be left in the charge; but it was found that there 
was no certainty in being able to produce the same quality of metal at each “ blow.” 
It will be seen from the results of this investigation that the thermo-chemical 
operation involved in blowing could not be always carried out exactly under the same 
conditions, or within the same precise limits of time; the initial temperature of the 
metal, and even the temperature of the converter into which the charge is allowed to 
flow, can affect the rate of combustion of the carbon, and the oxidation of the man¬ 
ganese and silicon; and, furthermore, it must be borne in mind that, with successive 
charges from the same blast-furnace, the composition of the metal varies to an extent 
which can easily upset all previous calculations. When the charges come from 
different furnaces, further complications and increased difficulties arise. As there is 
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no indication, except at the close of the “ fining stage,” when the carbon remaining 
unburnt is reduced to a very small proportion of that originally present, it is quite 
evident that the most rational and practicable mode of operating is to remove it all, 
and then to add a sufficiency of a carburized metal which will produce a steel of the 
required hardness and composition; since both by the appearance of flame and fume, 
as well as by spectroscopic analyses, the complete termination of the “ fining stage” 
is clearly indicated. 

The constitution of the Bessemer-flame spectrum, as established by this investiga¬ 
tion. and the cause of the continued appearance of the manganese bands and iron 
lines, even after all the manganese has been removed from the metal, which has been 
explained, affords scientific reasons for not only continuing to pursue the course which 
has been universally adopted, but of not departing therefrom. The practice of 
complete decarburization is most rapidly and exactly carried out, and it has yielded, 
and continues to yield, enormous quantities of mild steel or soft iron, in a high state 
of purity and of remarkable constancy in composition. 

Summary and Conclusions. 

1. The complex nature of the Bessemer-flame spectrum is owing to the superposition 

of bands of manganese, carbon, carbonic oxide, possibly also of manganese oxide, and 
of the lines of iron, manganese, potassium, sodium, lithium, and hydrogen. The bands 
of manganese are to some extent obscured, first, by the strong continuous spectrum 
of the carbonic oxide flame, secondly, by the bands of carbon; for, while the man¬ 
ganese bands are degraded towards the red, the overlapping carbon bands are 
degraded in the opposite direction, that is, towards the blue. * 

2. The cause of the non-appearance of the lines in the spectrum at the beginning of 
the “ blow ” is the comparatively low temperature at this period, very little above that 
of the molten metal, and the free oxygen that escapes with carbon dioxide, giving 
a gaseous mixture which contains too small a proportion of carbonic oxide. The 
alkalies come from the ganister brick lining of the converter, and therefore exist as 
silicates present in very small proportion. Silicates—such, for instance, as felspar— 
do not readily disclose the alkalies they contain until heated in the oxyhydrogen 
flame, but at this high temperature the metals potassium, lithium, and rubidium have 
been detected with the greatest ease in such silicates. Similarly, the alkali metals 
do not show themselves in the flame until a layer of slag has been formed, and the 
temperature has risen sufficiently high for the constituents to be vaporized. 

3. There can be no doubt that at the temperature of the “ boil” both metallic man¬ 
ganese and iron are freely vaporized in a current of carbonic oxide, which, in a higldy 
heated state, rushes out of the bath of molten metal. The evidence of this is the 
lines and bands of iron and of manganese, photographed and compared with the lines 
and bands in the spectra of various alloys of iron and manganese. 

MDCCCXOIV.—A. f> z 



1090 


PROFESSOR W. N. HARTLEY ON 


4. The question of vaporization of manganese and of manganese oxide from slag is 
put beyond all doubt by actual experiment with the oxyhydrogen blowpipe flame. 
This explains the fact observed by Brunner, namely, that when a converter is being 
heated with coke, after it has been used, but not re-lined, the spectrum of the Bessemer 
flame makes its appearance. 

fi. The luminosity of the flame during the “ boil” is due, not only to the combustion 
of highlv-heated carbonic oxide, but also to the presence of the vapours of iron and 
manganese in the gas. 

6. The disappearance of the manganese spectrum at the end of the “ fining stage ” 
is primarily due to a reduction in the quantity of heated carbonic oxide escaping 
from the converter, which arises from the diminished quantity of carbon in the metal. 
When the last traces of carbon are gone, so that air may escape through the metal, 
the blast instantly oxidizes any manganese either in the metal or in the atmosphere 
of the converter, and furthermore oxidizes some of the iron. The temperature must 
then fall with great rapidity. 

7 . The entire spectroscopic phenomena of the “ blow ” are undoubtedly determined 
by the chemical composition of the molten iron and of the gases within the converter, 
the temperature of the metal, and of the issuing gases. 

8. The probable temperature of the Bessemer flame at the finish is that produced 
by the combustion in cold air of carbonic oxide heated to 1580° C.; that is to say, to 
the temperature which, according to Le Chatelier, is that of the bath of molten 
metal from which the gas has proceeded. The bath of metal acts at the same time 
as a means of heating the blast, producing the gas, and as a furnace on the regenerative 
principle which heats the gas prior to its combustion. 

9. If we n*ay judge by the lines and bands belonging to iron and manganese which 
have been measured in photographed spectra of the Bessemer flame, the temperature 
must nearly approach that of the oxyhydrogen flame, and may easily attain the 
melting-point of platinum. 

10. The spectrum obtainable from Bessemer slag by the oxyhydrogen flame is 
composed of precisely the most characteristic features of the flame-spectrum, as seen 
issuing from the converter at Crewe. The continuous spectrum of carbonic oxide, 
bands and lines of that compound, and of elementary carbon, are, as a matter of course, 
absent. 

The flame at Dowlais differs from this, and resembles the spectrum of metallic 
manganese. These differences may not be entirely due to the higher temperature at 
Dowlais, but to the difference in composition of the metal. The manganese at Crewe 
would be oxidized to slag within the first seven minutes—that is say, before the 
manganese spectrum makes its appearance in the flame. That at Dowlais would 
probably not be all removed from the bath of metal by oxidation before the end of 
the “ blow.” The former yields such a spectrum as may be obtained from slag, the 
latter, one which is obtainable only from spiegel, ferro-manganese, or pure metallic 
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manganese. There can be no doubt that, in blowing haematite pig, the spectra of 
manganese and iron may be caused by the volatilization of these elements from the 
slag. 

11. The complete termination of the “fining stage” is clearly indicated, but there 
is no indication by the flame of the composition of the metal within the converter at 
any previous stage. 

As the progress of the “ blow" is governed by the composition of the metal and its 
temperature in the converter, and as these cannot be controlled with perfect exactitude 
during each “ blow,” it follows that the practice of complete decarburization is the 
best course to pursue, the required amount of carbon and manganese being added 
subsequently. 

T desire to record an expression of my thanks to Mr. F. W. Webb, of the Crewe 
Works, and Mr. E. P. Martin, of Dowlais, for the facilities they have afforded me in 
making these observations; to the Government Grant Committee, for the means of 
carrying out this investigation; and to Mr. Hugh Ramage, my assistant, for the 
care he has exercised in carrying out my instructions, in executing the photographs 
and measuring some of the spectra. 

I propose to pursue the work in another direction, by extending a series of obser¬ 
vations to the basic Bessemer “ blow,” the blast-furnace, and various forms of 
Siemens steel furnaces. 
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